
Chapter 3 

BIOLOGY 

The Argument 

Movement is one of the characteristics of life: it begins with the penetration 

of the ovum by the spermatozoon and ends with last cytoplastic streaming of 

the cells. Both have been registered on motion picture film. The great contri-

bution of scientific cinematography to biological research lies in the fact that 

any movement can be recorded on any given scale of time and length; further, 

these records can be quantitatively evaluated. An accurate research instrument 

is thereby provided to investigate at least one of the essential aspects of life. 

Time-lapse cinemicrography, particularly in combination with the phase contrast 

microscope, has established itself as one of the standard instruments in cytology. 

High-speed cinematography through the microscope has been used on several 

occasions to measure the beat of cilia and the flow of blood. The many physio-

logical functions which make up the life of the individual—reproduction, respi-

ration, feeding and excretion, circulation, and locomotion—have all been studied 

by means of the cine camera and have frequently yielded new quantitative data; 

in addition, the following pages contain many examples from the fields of 

cytology, embryology, bacteriology, and botany. 

Introduction 

It is too often forgotten that cinematography for scientific research purposes 

originated with the great French physiologist Marey. In 1888 (895) he 

reported to the Académie des Sciences the principles of the modern cine camera, 

constructed solely for the analysis of animal locomotion (see p. 5 ) . He was 

always careful to include a time scale in the field of view of his camera lens, 

together with a scale of length; he thus laid the foundations for the quantitative 

evaluation of the completed film, a research method still often neglected these 

days. 

In all countries and in all fields of biology the work of Marey has been 

followed and advanced. In France, Comandon, a pupil of Marey's, is still work-

ing at the Institut Pasteur; the names of François-Franck, Mlle. Chevreton, Bull, 

and Magnan will always be remembered in the country in which cinematography 

originated. There are many famous American scientists who have employed 
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scientific cinematography in their biological research work. Men like Muy-

bridge, Harvey, Lewis, Speidel, Pilisbury, Bayne-Jones, Wyckoff, and many 

others will be cited as the pioneers of numerous important applications of the 

cine camera to research. In England, the classic work of Canti at Cambridge 

is now ably continued by Hughes at the same University; at Oxford, the inves-

tigation of fetal circulation by means of X-ray cinematography, the work of 

Barclay, Franklin, and Prichard, will always rank high among physiological 

researches in the animal kingdom. In Germany, many famous biologists have 

used the cine camera in their research work; Gräper, Kühl, Michel, Ballowitz, 

v. Skramlik, Janker, and Böhme are but a few names which will appear fre-

quently on the subsequent pages. Polimanti in Italy, in Belgium Frederic, Huku-

hara in Japan, in South Africa Pijper, Storch in Austria, in Hungary Huzella, 

and no doubt many other biologists in other countries have found the cine 

camera to be the same valuable research instrument that it was to Marey at the 

end of the last century. 

Many general articles that have appeared in the scientific literature have 

stressed the value of cinematography in biological investigations, but only a few 

can be mentioned here. Marey's book, Le Mouvement, 1894, has remained the 

classic work; Comandon (294) has written many papers dealing with the use 

of cinemicrography. Kuhl's (758) classic work on Kinematische Zellforschung, 

together with his book (759) on its technical aspect, will always remain out-

standing on time-lapse cinemicrography and frame-analysis, and their uses in 

cytology. Of the more general papers, Clancey's (272) review of the relation-

ship between zoology and cinematography is perhaps a good example. The 

connection between natural history and cinematography had already been well 

surveyed in 1923 ( 1 8 ) , and Amman (15) has reviewed the history of biological 

films in Germany. In this connection it might perhaps be interesting to glance 

at a series of graphs prepared by Michaelis ( 940 ) which show the distribution, 

by country of publication and by date, of the literature references quoted in this 

chapter (see Fig. 2 4 ) . 

Other general publications appeared by Dur den, Field, and Smith (374) , 

and if their books added nothing new to knowledge, their film series SECRETS 

O F N A T U R E and SECRETS O F LIFE have perhaps given to untold thousands their 

first knowledge of biology, and indirectly they may have thus inspired much 

valuable research work. Many popular biological films have been made, for 

example also the U.F .A. K U L T U R F I L M E , which were shown in Germany and in 

many parts of the world; Pillsbury's (1076) work in the United States and 

N. Monkman's in Australia are but further instances of the very wide use of 

cinematography to spread knowledge about biological phenomena. The many 

zoological films that have been made by naturalists, by hunters on expeditions, 

or by enthusiasts near their homes, have sometimes contained material that was 
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References to 3 5 8 papers on research films mentioned in this chapter were plotted 
by country and by date of publication. The total showed Great Britain 1 4 . 6 % , Germany 
2 9 . 2 % , France 2 3 . 2 % , United States of America 2 5 . 8 % and the rest of the world 7 . 2 % . 
An approximate indication is given by these graphs of the use of scientific cinematography 
in the biological sciences at various periods and in different countries. Compare with Fig. 
7 8 , the equivalent in medicine. 

new or that had not been previously recorded in a permanent form. In such 
cases, they might well be used as data for research, although originally intended 
for popularization or teaching of biology. Close collaboration between morpho-
logists, ecologists, and the makers of popular biological films will undoubtedly 
be of great mutual advantage, and in some instances it has already occurred. 

In perusing the following pages, the reader should bear in mind that a not 
inconsiderable number of the research films mentioned can actually be obtained 
on loan or for purchase. A letter to the author of any film would soon establish 
whether it might be available for a short term loan; such a request is rarely 
refused. It should become a matter of routine to inspect existing films that 
have a bearing on a new project to be undertaken with the aid of a cine camera, 
and such a practice would be strictly comparable to reading original articles in 
the literature. The practical means of achieving such exchange on a national 
and international basis have been discussed above (see p. 2 8 ) . 

The extremely widespread use of motion pictures for teaching purposes in 
the United States has led to the establishment of visual aids centers at most of 
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the American colleges and universities. If there is doubt about the location 

of a specific research film, the director of such a center at the university at 

which the film was made will generally be able to guide the inquirer, if the 

producer of the film can no longer be traced. 

To complete the introductory matter to this chapter, it should be stated 

that the nomenclature of microorganisms and of animal and plant species 

adopted in this work, has followed the names given in the original papers, irre-

spective of any subsequent changes in their designation. 

Special Techniques of Biological Cinematography 

The whole field of techniques and equipment in biological cinematography 

can be divided into high-speed cinematography (see Volume I I ) , Cine-

micrography (see p. 35) , X-Ray Cinematography (see p. 295) , and straight-

forward recording at the normal frequency of 16 or 24 f.p.s. Only this latter 

method will be considered in this chapter. 

O R D I N A T E S O F T I M E A N D S P A C E 

The maximum value of cinematographic recording can be derived only from 

a film in which the ordinates of time and space are registered simultaneously 

with the event. Many biologists have trusted to the accurate frequency of their 

cine camera to obtain this scale automatically. Unfortunately an error of 10 

to 20% may easily occur if a clockwork-driven camera is employed; for example, 

Halverson (571) , who compared the speed of his Bell and Howell Filmo with 

a stopwatch, found an error of 13% when the camera was running at 16 f.p.s. 

If an electric motor, particularly one of the synchronous kind, is used to drive 

the camera, a great deal of reliance can be placed on the recurrence of the same 

time interval between consecutive frames. It is still necessary, however, to 

determine accurately what this interval is, and a very simple method can be 

recommended: a good stopwatch should be filmed for a few seconds. Frame-

analysis of the developed film will soon demonstrate the value of this technique. 

Very few biologists who used cinematography for quantitative research have 

mentioned in their papers that they have calibrated their cine cameras. The 

above method is inconvenient, however, in frame-analysis of the finished film. 

The absolute time at any given instant will have to be determined by a laborious 

count of the individual frames from the beginning to the end of the sequence, 

or a frame-counter will have to be used. (Frame numbers may be available, 

making such counting unnecessary.) 

Many cinematographers have therefore preferred to include their time ordi-

nate on every frame of the film. Many Chronometrie devices are available for 

this purpose, and have fully been discussed above (see p. 17) . Another 

good solution of this problem was the equipment described by Dusser de 
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Barenne and Marshall (375) of Yale University. Its great advantage was the 

simultaneous space and time scale provided by the one instrument. It consisted 

of a horizontal blackboard, fixed at right angles to the axis of the camera lens 

and behind the experimental animal; it was marked off in suitable dimensions: 

in the particular instance described, in decimeters and meters. The accuracy of 

the time scale depended on the angular velocity of the cylinder, 1/10 seconds in 

case of 1 rev/sec, double that at 2 rev/sec, and so forth (see Fig. 25 ) . 

The inclusion of a scale of length in the field of view of the camera offers 

little difficulty. A black scale with white markings is to be recommended, and 

it should be of such size that it can easily be read on projection or frame-analysis, 

which ever method is adopted. Should it be necessary to measure two-dimen-

F I G U R E 25. S I M U L T A N E O U S P R E S E N T A T I O N O F T I M E A N D L E N G T H S C A L E S : 1931 

In principle, the equipment consisted of a long board—graduated in this instance in 

10 cm and Vi m—mounted behind the moving animal, thus presenting a scale of length 

that extended for the whole background of the movement. Behind the board, a cylinder, 

with markings every 10 cm, was rotated. Through a gap in the board the cylinder mark-

ings could be read as a time scale—graduated in this instance in 1 /10 and VJ second. 

1 The board, equal in length to the horizontal distance over which the movement 

was filmed. 

2 G a p in the board, through which the markings on the cylinder could be read. 

3 Rotating cardboard cylinder, which at a speed of 1 revolution per second allowed 

1 /10 second to be read off directly, and smaller values to be estimated. (The 

cylinder is shown separately below.) 

4 Motor, driving the cylinder. 

Reproduced from Dusser de Barenne and Marshall ( 3 7 5 ) , courtesy of Springer-Verlag, 

Germany. 
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sional movement from the record, then a grid is the most suitable background 

for the experiment. Should color film be employed, a careful choice of the 

background color must be made to contrast with the subject in the foreground. 

H E A T A B S O R P T I O N F R O M I L L U M I N A T I O N 

The danger of overheating the biological specimen and thereby causing an 
alteration of the experimental conditions is an ever-present risk in cinema-
tography. The special needs of cinemicrography have been discussed above ( see 
p. 7 0 ) . Liquid filter cells inserted between the lamp and the specimen are 
somewhat clumsy, and the water or glycerin contents may soon become too hot 
when used for any length of time. A possible expedient is an adaptation in 
which a current replaces the stationary liquid and thus prevents too great a 
rise in temperature. Heat-absorbing glasses are now available as a standard 
article from a number of manufacturers, Corning ( 3 1 8 ) , Chance ( 2 6 0 ) , Kopp 
( 7 4 2 ) , or Zeiss ( 1 4 8 5 ) . For example O N 2 0 , the special product of Chance 
Brothers, is claimed to absorb 90.5% of radiation above 7 , 0 0 0 Â and to trans-
mit 8 4 % of incident light. 

Lester's ( 8 0 6 ) ingenious equipment for high-speed cinematography of bio-
logical subjects should be mentioned here, as it was mainly designed to avoid 
overheating the flies with which he worked (see p. 1 2 5 ) . A series of seven-
teen electronic flash lamps were made to rotate through a parabolic reflector, 
and as each came into focus, it was triggered; the total light output, lasting for 
1 second, was sufficient for a camera frequency of 3 ,000 f.p.s. 

Should any doubt exist about the rise of temperature due to the illumination, 
it is advisable to check this factor by using either a thermocouple or a ther-
mometer with blackened bulb. 

I M M O B I L I Z A T I O N O F A N I M A L S 

In some experiments it may be necessary to immobilize animals. The 
simplest and most obvious manner of filming certain animals is inside their 
cages. Farris ( 4 0 1 ) has described a special box with a glass ceiling and a for-
ward-inclined glass front panel that allowed full, reflection-free lighting of the 
rats which were filmed. 

In case of immobilization for surgical work, the standard anesthetics will, 
of course, be employed. Latven ( 7 8 2 ) has described his experience with cer-
tain pharmaceuticals to produce catatonia for photographic work, but it is doubt-
ful if his methods would be applicable to cinematography. Should an anesthe-
tized animal be recorded on film, it becomes essential to state this fact clearly on 
the title of the film, so that the observer becomes aware of these specialized 
conditions and is not misled by any abnormal behavior. 
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Mechanical methods of immobilization of experimental animals are of course 

numerous, and details of the most suitable arrangements must be left to the 

ingenuity of the experimenter. As the splint on which the animal may be held 

might not appear within the view of the camera lens, it should be stated on the 

title of the film which particular method was adopted for immobilization. If 

the animal is small, and extension tubes are employed to record details, the cor-

rect centering of the immobilized animal may be difficult. Lutembacher's (857) 

special stand, developed for high-speed cinemacrography of cardiac phenomena, 

might then recommend itself; it consisted essentially of a stage, movable in the 

horizontal plane, modeled on, but larger than, a mechanical microscope stage. 

I N F R A R E D I L L U M I N A T I O N 

Although Buder (219) suggested as long ago as 1926 the use of infrared 
illumination for filming certain biological experiments, little use has been made 
of this method until quite recently, probably because of the unavailability of 
suitable emulsions. These are now available for both 16 mm and 35 mm (383 ) , 
and the great remaining difficulty is the concentration of sufficient infrared radia-
tion with the normally available lamps. Apparently the only successful applica-
tion of cinematography in this part of the spectrum for biological research 
purposes was by Lorenz and Schleidt (836) in 1952, reported also by Rieck 
(1146) . Infrared illumination was used to record mice and fish fighting in 
total darkness, and excellent results were obtained. Kodak infrared film, I.R. 
135, maximum sensitivity 8,500 Â , was used in combination with an Askania Ζ 
camera, and a frequency of 24 f.p.s. was employed (see Fig. 26 ) . 

This successful application of cinematography in the dark for biological 
research purposes may stimulate similar work with a cine camera, either alone 
or in conjunction with a television camera (see p. 9 4 ) . A great deal of other 
interesting biological research could be suggested in which the reactions of 
animals to narrow parts of the spectrum could be cinematographically recorded. 
The action of ultraviolet illumination as a bacteriocidal or bacteriostatic agent 
could be followed from time-lapse cinemicrographic records, and the influence 
of radioactive radiation on various biological forms of growth could be made 
the subject of quantitative investigations by frame-analysis of cinemicrographic 
records. 

C I N E M A T O G R A P H Y O F SERIAL S E C T I O N S 

It is tempting to combine photography of serial sections from a microtome 
with the synthesis of movement obtainable from the projection of the individual 
frames of a cinematograph film. Within a few minutes' time a complete series 
of cross sections could be visualized, thereby perhaps giving new insight into 
the three-dimensional structure of the specimen. The great difficulty of this 
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F I G U R E 26. F I L M I N G A N I M A L B E H A V I O R I N D A R K N E S S : 1953 

Four suitable lamps, covered with infrared filters, were used to illuminate fish in an 

aquarium, and their behavior was recorded with an electrically driven Askania Ζ 35-mm 

camera. The results are shown in Fig. 45 . 

Reproduced from J . Rieck ( 1 1 4 6 ) , courtesy of the Askania Warte and the Institut für den 

Wissenschaftlichen Film. 

method consists in the exact centering of the individual sections on the frames 
of the motion-picture film. Reicher (1136) was the first to realize such a 
project and to present, in 1907, a film composed of 2,000 sections of the brain; 
he did not describe how he overcame the centering difficulty. Widakowich 
(1453) , also in 1907, published a description of a similar combination of sec-
tions; he solved the problem, to a certain extent at least, by fixing his sections 
directly onto the film itself, thus projecting the sections themselves and not their 
images. His method had the advantage of simplicity and cheapness, because he 
could use the perforations of the film itself for centering. A number of other 
biologists have attempted this technique. Imchanitzky (654) , working at the 
Institut Marey in 1910, had great difficulty in achieving satisfactory centering 
and could not obtain a complete series. Low (842) obtained in 1913 a German 
patent describing a mechanical combination of microtome and cine camera. 

A better method was the one described by Peacock and Price (1055) . In 

sequence, they mounted the following pieces of equipment on one optical 

bench: a Pointolite lamp, a microscope, a Bell and Howell 70D Filmo cine 

camera, and a paper screen about 30 X 40 cm in size. The cine camera itself 
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F I G U R E 27. S E R I A L S E C T I O N S O N M O T I O N P I C T U R E F I L M : 1952 

By careful adjustment of the vertical movements of the embedded specimen, the hori-

zontal movements of the microtome knife, and the motion picture film, as well as by com-

bined vertical and horizontal action of the pressure bar, automatic adherence of the section 

to the special film could be achieved. Bush ( 2 3 1 ) was thus able to solve the difficulty of 

centering sections accurately on film. On projection of such a film, a visual cross-section 

of the specimen is obtainable. 

Courtesy of V. Bush, Carnegie Institution, Washington. 

was mounted on a swivel base so that it could be swung out of the way, and an 

image could be projected directly from the microscope eyepiece onto the paper 

screen. The whole of the centering was then carried out by visual inspection of 

this screen, a pencil outline of the section being made from time to time to 

facilitate registration. This apparatus was employed to record the following 

specimens: the eye of a 38-day-old human embryo, normal skin sections, an 

ulcer, and a squamous carcinoma of the lip. 

Bush (231) , of the Carnegie Institution of Washington, produced in 1952 

an automatic microtome, an excellent solution to the problem of centering, 

based on Widakowich's method. A standard microtome knife, moving below 

the film and the section, was used for cutting, while a pressure bar above the 

film ensured intimate contact. Copies could be made with ordinary motion 

picture equipment. The fundamental advantage of using motion picture film, 

the synthesis of movement from static data, was not mentioned, although it 

must have occurred to Bush (see Fig. 27 ) . 

Such synthesis of movement from static information awaits far more wide-

spread application to other fields of biological research. A particularly suitable 
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area appears to be the complicated tissues of the brain, but Reicher 's pioneer 

work of 1907 has apparently never been repeated. Elias' (390) method of 

optical cross sectioning might perhaps form the exception, but was only pos-

sible on relatively thick, yet transparent microscopic sections (see p. 100). 

T E L E V I S I O N I N B I O L O G I C A L R E S E A R C H 

To conclude the section on specialized cinematographic techniques in 

biology, it will not be out of place to consider briefly the role of television. Its 

application as a research instrument will usually be associated with cinema-

tography. The transmitted image is as fleeting as the memory of the observer, 

and for any comparative research work the image will have to be recorded per-

manently by means of cinematography. 

Television has three fundamental advantages over cinematography: the 

immediacy of the image, the ability to change instantly the spectral wave length 

of the image from the invisible to the visible, and the ability to amplify elec-

tronically the intensity of the image. All three can be combined. On rare occa-

sions television might be employed for the sole advantage of immediacy, and 

because such an image can be transmitted instantaneously over not inconsider-

able distances. The study of plant and animal behavior in visual darkness using 

infrared radiation for illumination could be easily carried out with special tele-

vision equipment. As it is possible to amplify the image intensity electronically, 

a much lower level of infrared illumination would be required than for a simi-

lar recording with an infrared sensitive emulsion on motion picture film; in-

stead, the wave band can be translated, amplified, and recorded on standard 

emulsion. At the other end of the spectrum, the ultraviolet, a number of uses 

have already been suggested, tried, and reviewed by, for example, Zworykin and 

Florey (1490) and by Telfer (1326) . In combination with the optical micro-

scope in particular, several research uses have been suggested which depend 

on the translation of the wave band from the invisible ultraviolet radiation, 

2,500 to 3,600 Â , to the visible range. This has been employed for the illumi-

nation of unstained kidney section to show up the greater absorption of nucleic 

acid in comparison with other protoplasm. The image was received by a tele-

vision camera, translated, amplified, and visually inspected. Automatic counting 

methods for blood cell counts and for early diagnosis of cancer are dealt with in 

the chapter on medicine (see p. 293) . It should be borne in mind here that the 

use of television cameras for research purposes is as novel today as the use of 

a cine camera was at the time of Marey's original work. Both instruments suf-

fered greatly from indiscriminate use in the entertainment industry, and it may 

be many years before the television camera in scientific research can overcome 
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any prejudice associated with such use. Closed circuit television has been found 

extremely useful in a number of engineering fields where it could supersede the 

human element. Some of these have been reviewed by Michaelis (939) . 

Microbiology 
H I S T O R I C A L 

Although in 1891 Marey (899) had already begun the cinematographic 

study of microorganisms by combining his chronophotographic camera with a 

microscope, it was not until 1904 that Bull (222) and Pizon (1080) recorded 

for the first time the growth of a colony of bacteria, Botryllus, with time-lapse 

cinemicrography. Their work was soon extended by Comandon (289) , who 

published some superb illustrations which are reproduced here (see Fig. 2 8 ) . 

In his desire to record and demonstrate the movement of spirochetes, he adopted 

darkground illumination and used a Pathé cine camera. By 1910, Comandon 

( 290 ) was able to project further films in which he could show Spirilla, Vibrio, 

Spirochaetes, and other bacteria. From the beginning of his cinematographic 

work, Comandon had collaborated closely with C. Pathé, and in 1913 he was 

F I G U R E 28. T R Y P A N O S O M E S A N D S P I R O C H E T E S : 1909 

Recorded by Comandon with the equipment shown in Fig. 11 , these extracts show, 

from left to right, blood of a mouse containing trypanosomes, spirochetes from a Balanitis 

infection and blood of a chicken with spirochetes. They were among the first cinemicro-

graphic records ever published and have seldom been excelled. 

Courtesy of J . Comandon, Institut Pasteur, Paris. 
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able to list in a catalogue published by the Pathé Consortium Cinéma (1040) 

over a dozen films dealing with bacteria. Staub's ( 1289) early work in Germany 

on cinemicrography of bacteria should also be mentioned. 

B A C T E R I A L G R O W T H A N D R E P R O D U C T I O N 

Since those early days, many bacteriologists have found cinematography a 

valuable research instrument. The permanency of the record of difficult experi-

ments and the ability to compress the lengthy time scale of bacteriological 

growth have accorded time-lapse cinemicrography a recognized place in many 

types of microbiological research. The series of papers published by Wyckoff 

(1471) from the Rockefeller Institute of Medical Research in New York was 

an excellent example of the systematic use of this technique to investigate the 

life cycle of bacteria. His first experiments, in 1932, were concerned with 

B. shigae, the dysentery bacillus; the next bacterium studied was Mycobacterium 

phlei, the timothy grass bacillus. The growth of this acid-fast pathogenic organ-

ism is relatively slow, one division every few hours, and Wyckoff and Smith-

burn (1476) found cinemicrography with a time-lapse frequency of 0.25 to 1 

frame per minute extremely useful to record its various forms. Wyckoff (1472) 

was able to confirm the absence of any cyclic phenomena in different tubercle 

bacilli obtained from various reptiles and other cold-blooded animals. For a 

final corroboration of these results, Wyckoff (1473) undertook a far more 

general survey of the growth forms of many bacteria. Altogether 35 different 

microorganisms were studied and filmed by him, including such varied forms 

as Pseudomonas fluorescens, Azotobacter beijerinckii, Rhizobium radicicola, 

and Rhodococcus roseus. Pleomorphism was noticed in many of the forms 

studied, and even those which had previously been thought to possess a true 

life cycle gave no evidence of this. There can be little doubt that it would have 

been impossible for Wyckoff (1474) to come to such a conclusion without 

the use of time-lapse cinemicrography. 

Another great advantage of cinematographic techniques is to be found in 

the quantitative analysis of the completed film. Evans (395) has described 

some interesting experiments of this nature which were carried out by L. A. 

Rogers and G. R. Greenbank at the United States Bureau of Dairy Industry. 

A glass tube 30 m long was coiled into a flat spiral and filled with a suitable 

culture medium. The bacterial inoculation was started at the center of the coil, 

and the color change, which accompanied the growth, was cinematographically 

recorded in time-lapse, 12 frames per hour. The total time for traversing the 

30 m was 8 days, and by frame-analysis it was possible to plot the growth rate 

against the total duration of the experiment. Bayne-Jones and Adolph (121) 

have found the quantitative method of cinemicrography equally useful in their 

work on such microorganisims as yeasts, B. megatherium and B. coli (122) . 
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By frame-analysis, graphs were obtained against a time scale which yielded 

information on body volume, rate of growth, duration of one generation, and 

lag in reproduction. 

A number of qualitative uses of cinemicrography in bacteriological research 

should be mentioned. Wallhäuser (1411) of the University of Göttingen 

stained B. mycoides with triphenyltetrazonium chloride and found that a color 

reaction indicated whether the bacillus was alive or dead, a rapid test for the 

action of antibiotics. Time-lapse cinemicrography allowed the following of the 

slow changes in the nucleus which occurred on staining. Pulvertaft (1107) 

has employed time-lapse cinemicrography to follow the action of penicillin on 

the growth of bacteria (see p. 367) ; Vierthaler (1393) recorded the formation 

of mucous excretion during the growth of para typhus bacteria; and Levinthal 

(809) and Kahn (705) have also employed cinemicrography in this field of 

research. 

B A C T E R I A L L O C O M O T I O N 

The same cinemicrographic techniques have been employed with success 

in research projects which have dealt with the locomotion of complete colonies 

or with individual bacteria. A most interesting observation was reported by 

Shinn (1226) , working at the Western Pennsylvania Hospital. It had been 

noted previously that complete colonies of Bacillus alvei or possibly B. helixoides 

moved across the Petri dish on which they were cultured. Shinn investigated 

this movement by means of time-lapse cinematography, frequency 15 frames 

per hour, and could distinguish four distinct phases. 

Apparently the first to study the motility of individual bacteria by means 

of cinemicrography was Neumann (1002) at Glessen, Germany, who used for 

this purpose a special apparatus constructed by Leitz and described by Wagner 

(1406) in 1928. Bact. proteus, typhus-paratyphus coliform groups, and other 

microorganisms such as trichomonads, were investigated, the main part of 

the work being devoted to the analysis of the motility of spirochetes. Loveland 

(840) took up and repeated this work a few years later. 

Undoubtedly Pijper's (1073) work in this field of bacterial motility has 

been very thorough and, certainly from a cinematographic point of view, the 

most successful. Whether his controversial hypothesis of bacterial locomotion 

will in time be generally accepted by bacteriologists cannot be considered here. 

In brief, his theory has been that bacteria do not move by means of motile 

organs, generally called flagella, but that their bodies produce spiral contortions 

which give rise to gyrating and undulating movements. Innumerable cinemicro-

graphic records formed the basis of Pijper's hypothesis and a number of them 

were edited to form a cinematographic thesis in which his views were explained 

and defended. His work has been carried out at the University of Pretoria in 
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South Africa, where the climatic conditions allowed him to utilize sunlight 

as the source of illumination for his darkground cinemicrography (see p. 68 ) . 

He mostly used B. typhosus for his experiments, but his conclusions were also 

claimed to apply to B.proteus, B.sub tilts, B.megatherium, B.cerius, and B.cary-

ophanum. It seems that no other bacteriologist has repeated Pijper's work with 

the specific cinematographic technique that allowed him to formulate his new 

hypothesis. Finally it should be mentioned that Roger (1157) has also recorded 

cinemicrographically the movements of spirochetes, and that he noted their 

twisting, turning and lashing motion on projection. Flagellar movements of 

other organisms than bacteria are discussed below, (see p. 101). 

V I R U S A N D B A C T E R I O P H A G E 

Bayne-Jones and Sandholzer (123) investigated the action of bacteriophage 

on B.coli and B.megatherium and recorded bacterial lysis by means of time-

lapse cinemicrography. The dimensions of the cells were measured, their volumes 

calculated, and the duration of bacterial generations timed. A reduction of the 

surface tension of the cells was postulated as an important factor in the mecha-

nism of lysis. The existence of a life cycle in the psittacosis virus could be 

confirmed by Bland and Canti (161) using time-lapse cinemicrography. A 

virulent strain was used to infect a fibroblast tissue culture prepared from lung 

epithelium of a chick embryo. His records were continued for 48 to 72 hours 

in certain experiments. The developmental cycle was a purely intracellular 

occurrence and some of its stages could be seen clearly on projection. 

To sum up then, cinemicrography has greatly contributed to the investiga-

tion of such bacteriological phenomena as growth, reproduction, and locomotion. 

Only the limitations of the optical microscope and the extreme smallness of the 

bacteria themselves have prevented a more detailed study of the biological 

phenomena occurring within the living bacteria. Many other bacteriological 

researches could be helped by time-lapse cinemicrography; Pulvertaft's work 

with penicillin is perhaps only the beginning of a systematic investigation of 

the action of antiseptics, disinfectants and antibiotics on various types of 

bacteria, which would lead to fundamental new knowledge in this field. 

Cytology 

In most cytological experiments, little if any movement is apparent to the 

observer through the microscope. This is only due, however, to the limitations 

of the human mind, which cannot discern the very slow changes that are 

continuously occurring within the living cell. That time-lapse cinematography 

has overcome this limitation and has compressed the lingering life of the cell 

to such an extent that it becomes apparent, must be classed among its greatest 
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achievements. And further, this technique has not only allowed a qualitative 

appreciation of movement, however valuable in itself, but has also furnished 

the basis for quantitative measurements against a time scale. From a purely 

qualitative point of view, cytoplasmic streaming has become such a standard 

background to all time-lapse films that its absence is considered as a certain 

indication of the death of the culture. The influence of such physical factors 

as various types of radiation, and of chemical poisons, for example, mustard gas, 

on cell division could be filmed in time-lapse and has perhaps opened new lines 

of attack on carcinoma. Unicellular animals, like Amoeba, have been extensively 

studied and filmed, and finally such cellular appendages as cilia and flagella 

have been investigated; here, on account of their rapid movements, high-speed 

cinematography through a microscope had to be employed, to reduce the too-

rapid movement and to make it intelligible to the observer by means of slow 

motion. The few examples of human cytology which have so far been investi-

gated by cinemicrography are reviewed in the chapter on Medicine (see p. 366) . 

M O R P H O L O G Y O F T H E C E L L 

To begin with the most obvious external movements of the living cell and 

the prominent constitutents of its cytoplasm; these are the easiest to notice on 

projection of a time-lapse film and were also, from a historical point of view, 

the first to be investigated. It will be well to remember here the great con-

tributions of Harrison in 1907 and of Burrows and Alexis Carrel in 1911, which 

alone made the techniques of tissue culture possible and thereby opened the way 

to the study of living tissue and cells. 

Braus (189) , of the University of Heidelberg, was apparently the first who 

used cinemicrography to record the growth of individual cells in a tissue culture. 

His results were published in 1911 and his films were projected at a scientific 

congress in Karlsruhe during the same year. Certain intracellular movements 

had already been filmed in time-lapse by Chevreton and Vies (265) in 1909 

during the division of the sea urchin's egg. A further analysis of these move-

ments was reported by Chevreton and Fauré-Fremiet (264) in 1913, when 

they again used time-lapse techniques and could now clearly observe cytoplasmic 

streaming and movements of the blastomeres. 

Quantitative results in the field of cytoplasmic streaming were obtained by 

Mme. Franck and Auger (438) . An electric current was passed through an 

internode of Nitella, an algae belonging to the Chareophyceae. Frame-analysis 

showed that a delay of about 1.2 to 2 seconds occurred between the beginning 

of the electric current and the change in the cytoplasmic streaming. A recent 

study in this field has come from the American authors Schrek and Ott (1205) , 

working at Northwestern University in Chicago and at a veterans' hospital in 

Illinois. Their main interest was in the phenomena of death of normal and 
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malignant lymphocytes originating from a rabbit thymus and from a lymphosar-

coma of the rat. Time-lapse cinemicrography at 4 frames per minute was found 

the ideal instrument for the accurate determination of death, as through the 

compression of time it became possible to determine the precise instant, to the 

nearest 15 seconds, when all cytoplasmic streaming had ceased. 

Protoplasmic streaming in plant cells has also been quantitatively analyzed 

by Frenzel (466) , who could distinguish two fundamentally different types of 

movement: a "rotating" flow in Tradescantia and a straight "directional" motion 

in Vallesneria; he was also able to measure the velocity of chloroplasts, 2 mm 

per minute. 

More complex were the phenomena of cytoplasmic streaming investigated 

by Kuhl (757) . One of these was concerned with Noctiluca miliaris, a relatively 

slow-moving protozoon. Centrifugal and centripetal movements of its cyto-

plasmic filaments could be studied and analyzed from his films, as well as the 

movements of oil droplets and food vacuoles, and promitosis. In another time-

lapse study, Kuhl (756) analyzed the complicated cell elements in the coelom 

of the sea urchin, Psammechinus miliaris. It would have proved impossible to 

observe these complicated movements without a compression of the time scale. 

To consider next the nature of chromatophores, whose behavior was 

still subject to considerable controversy in 1914. It was maintained by some 

that they were capable of independent movement, almost like Amoebae, and 

others thought that these coloring bodies were dispersed and concentrated by 

cellular streaming. Ballowitz (101) , a proponent of the latter view, which is 

now generally accepted, demonstrated his point by preparing a film that showed 

the radial streaming of dark-brown melanophores; he used for this purpose a 

meningeal section from a small fish, Gobius minutus. Veil, Comandon, and 

de Fonbrune (1387) also worked on chromatophores and investigated in 1931 

the effect of such cell poisons as barium chloride and guanidine carbonate on 

the rhythmic streaming of the melanophores in the gastrocnemius muscle of 

a frog. An interesting cinemicrographic technique, that of optical cross section-

ing, was employed by Elias (390) to prove the absence of any anastomotic 

connections between epidermal melanophores. He exposed four frames on film, 

moved his fine adjustment on the microscope by 0.5/x, exposed an additional 

four frames, and again moved the adjustment; this was continued until all the 

relevant optical planes of his preparation had been recorded. 

Mitochondria are minute semisolid bodies found in the cytoplasm of almost 

every cell; their mode of division and function are still relatively unknown. 

Hughes and Preston (641) mentioned certain facts about their appearance 

which they had noticed in their study on cell division in amphibian tissue 

culture. In 1952 Frederic and Chèvremont (457) published their important 

results using chick fibroblasts and myoblasts in tissue culture at 38°C. Their 
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method of frame analysis (see p. 81) showed that the chondriosomes ap-
peared at first as spherical bodies in the cells; then their shape became filament-
like with astonishing plasticity; other mitochondria formed long strings of 
beads with lateral branches (see Fig. 29 ) . Contrary to the generally accepted 
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The tracings of mitochondrial movements, obtained by frame-analysis of a phase-con-

trast time-lapse film, are reproduced. The nuclear membrane can be seen in all drawings, 

but the nucleus is shown only in the first; the arrows point to the connections between 

mitochondria and nuclear membrane, a possible explanation of their origin. The time of 

the individual frames is marked in minutes and seconds. 

Courtesy of J. Frederic ( 4 5 7 ) , Université de Liege, Belgium. 

view, they were not just passively moved by the cytoplasm, but seemed to be 

endowed with movement of their own, possibly due to a rapid metabolic inter-

change with the surrounding cytoplasm, into which they sometimes disappeared 

completely. 
But not only the internal structures of the cell have been investigated by 

means of cinemicrography; external cytoplasmic projections, like flagella and 
cilia, have similarly been studied. Their often very rapid movement has de-
manded, however, the use of a different cinematographic technique, and here 
the ability of the cine camera to slow down a movement too rapid for observa-
tion and analysis has proved most valuable. Athanasiu's (83) early work in 
this field has already been mentioned. Lowndes (845) , for example, used 
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stroboscopic cinemicrography to record the flagellar movements of Peranema 

trichophorum at frequencies of 30 to 60 f.p.s. He could clearly show that the 

wave motion originated at the base and passed on to the tip, and not in the 

reverse order as had been postulated by others. High-speed cinemicrography 

(see p. 56) was employed by Jennison and Bunker (693) to record at 200 

f.p.s. the movement of cilia from the gills of the clam Mya; a considerable 

difference between the effective and the recovery stroke could be noticed. Negus 

(1000) has also filmed ciliary activity in small fragments from the trachea of 

a rabbit. Hilding (610) recorded the cilia of the frontal sinuses of dogs at 

the Mayo Clinic, but no details of his cinematographic techniques were then 

published. 

Finally, the interesting experiments of Harvey and Loomis (585) should 

be mentioned. These were concerned with the disintegration of cells—the 

unfertilized egg of the sea urchin Arbacia—under the influence of supersonic 

vibrations (see p. 56) . Cavitation appeared to the authors as the most likely 

cause of the often explosive disintegration of the cells. The morphological 

branch of cytology has therefore gained much from the different techniques of 

cinemicrography, whether they were employed to speed up or to slow down, 

whether used qualitatively to establish or to confound a theory, or quantitatively 

when direct measurements were undertaken. Much remains to be done however, 

and further examples of filming mitochondrial behavior (see p. 104) are 

indicative of modern trends of research. 

C E L L D I V I S I O N 

Normal Mitotic Division 

As long ago as 1910 Drechsel (368) pointed out the value of cinemato-
graphic recording techniques in the study of fertilization and cell division, but 
the first division of a cell that was cinematographically recorded was mentioned 
in 1913 by Comandon, Levaditi, and Muttermilch (308) , in a paper which 
dealt with the activities of cardiac muscles. Nine months later Comandon and 
Jolly ( 307 ) were able to present to the Société de Biologie their first complete 
film of cell division of erythroblasts. Full details of the nuclear changes were 
recorded for the first time in this film. Apparently no one else used cinemato-
graphic techniques for studies of cell division after this until Comandon, de 
Fonbrune, and Jolly (306) repeated their earlier work in 1934. Improved 
equipment allowed the additional recording of the prophase and the timing 
of the nuclear revolutions during that stage. It had become possible, to a 
certain extent, to predict which cells were likely to divide by a close observation 
of the nucleus: in these cells it filled nearly the whole erythroblast and was 
generally opaque. The likely cells were then brought within the field of view 
of the microscope for cinematographic recording. 
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Perhaps some of the most outstanding examples of the value of quantitative 

work by means of time-lapse cinemicrography were the comparative experiments 

which Hughes (638) carried out in combination with Preston (641) using 

phase contrast. Time measurements of the distance between groups of daughter 

chromosomes could be made during anaphase, using tissue cultures of Xenopus, 

Triton and Rana. These were plotted as graphs and showed that the maximum 

velocity for Triton was about 2 microns per minute; they compared their figures 

with those of Comandon's (306) results (see Fig. 30) . A further detailed 

M I C R O N S 

F I G U R E 3 0 . V E L O C I T Y - D I S T A N C E C U R V E S O F A N A P H A S E M O V E M E N T S : 1 9 4 9 

By frame-analysis of their time-lapse phase-contrast records, Hughes and Preston ( 6 4 1 ) 

were able to plot the rate of movements of single centromeres in ( i ) Triton, ( i i ) Rana, 

( i i i ) Xenopus and ( i v ) Gallus. 
Courtesy of the Royal Microscopical Society, London. 

study of anaphase movements was made by Hughes and Swann (642) using 

the method of biframe recording (see p. 6 1 ) , combining polarized light and 

phase contrast illumination. They worked with osteoblasts from 9- to 11-day-

old chick embryos, and by careful frame-analysis of the time-lapse films they 

were able to interpret the relationship of chromosome velocity to chromosome 

separation and spindle-fiber length. 

A number of other important quantitative research projects have been 

carried out in this field, using time-lapse cinemicrography. Comandon and 

de Fonbrune (302) studied mitosis of Acanthamoeba; they recorded the be-
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havior of the centrioles and were able to time accurately the various phases of 

mitosis. Gartner (506) at the University of Tübingen has also filmed mitotic 

divisions in chick-heart fibroblasts of a 13-day-old expiant. The staminal hairs 

of the plant Tradescentia virginica have provided the classic material for mitosis 

studies since they were first used by Strasburger in 1879· Not surprisingly, 

therefore, they have formed the subject of two cinemicrographic studies, by 

Schneider (1202) in 1938 and by Strugger (1314) in 1949. The former, 

working at the University of Munich, used ordinary microscopic techniques, 

but Strugger, at the University of Münster, was able to avail himself of phase 

contrast microscopy. Finally, another valuable property of cinematography can 

be illustrated in this section, namely the recording of a unique experiment or a 

rare occurrence. Waddington and Lucey (1404) of the Institute of Animal 

Genetics, Edinburgh, employed cinemicrography for the recording and analysis 

of cell divisions in amphibians and nematodes. A strange phenomenon was 

filmed in the latter: rapid rotation of the nucleus of a daughter cell around the 

boundary of the cell membrane at right angles to the plane of the film. At the 

top and bottom of its rotation, the nucleus was seen to cause a depression of 

the cell membrane. 

Mitochondrial Behavior during Cell Division 

As has already been noted above (see p. 100), phase contrast microscopy 

has greatly advanced the study of mitochondria. Michel (941) was able to 

follow the behavior of mitochondria during meiosis, and he was particularly 

intrigued by the formation of ringlike structures during Anaphase I. Hughes 

and Preston (641) mentioned that mitochondria sometimes took the shape of 

large rounded globules during mitosis The first thorough study, using phase 

contrast and time-lapse, of their behavior during cell-division was made by 

Frederic and Chèvremont (457) in 1952, working at the University of Liege, 

Belgium. At first their movements slowed down, then they became long and 

thin, sometimes like strings of beads, which in turn might break up into indivi-

dual globules or disappear completely into the cytoplasm. Thus modified and 

evenly distributed, they were passively transferred to the two daughter cells 

in approximately equal quantities by the division of the mother cell. No direct 

division of mitochondria during mitosis was observed. After the formation of 

the daughter cells, rapid reconstitution of the mitochondria was seen to occur: 

they swelled up and grew again into filaments or other shapes, and by the time 

the nuclear membranes were re-established they presented their normal ap-

pearance (262) . 
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Influence of Physical and Chemical Factors on Mitosis 

The destructive effect of various types of irradiation on normal tissues 

had been established empirically soon after the discovery of X-rays by Röntgen 

and the discovery of radium by the Curies at the beginning of this century. 

Canti (238) in 1928 was the first to record the effect of such radiation, by 

means of time-lapse cinemicrography at 1 frame per minute on a tissue expiant 

from the periosteum of a chick embryo; these classic experiments were carried 

out at the Strangeways Research Laboratory and at St. Bartholomew's Hospital 

in London. In this healthy tissue expiant he could show on his films normal 

mitosis of fibroblasts and of wandering cells. When these cells were submitted 

to radium emanation, 70 to 150 millicuries at 4 to 7 mm distance, all cellular 

movement ceased after 20 minutes and no further mitosis took place. When 

Jensen's rat sarcoma tissue was irradiated with the same dosage, a complete arrest 

of all cell divisions was recorded. Canti was a most meticulous worker, to judge 

from all accounts; for example, he confirmed by means of a microthermocouple 

(239) that any damage to his cell preparations was due not to heat but to the 

effect of radiation. In 1929, he published further results, this time in collabora-

tion with Spear (241) , in which gamma radiation on cell division was analyzed. 

Another cinemicrographic recording of the effect of radiation on mitosis 

in normal tissues was made in 1951, when Gartner (507) at Tübingen Uni-

versity submitted a tissue culture of chick heart fibroblasts to X-rays, 4,000 r 

at the rate of 1,000 r per minute, and to electronic radiation. On film she could 

record normal effects of primary damage due to X-rays, the clumping of chro-

mosomes, bridge-formation in anaphase, the unequal distribution of nuclear 

protein, and several small nuclei in daughter cells. Radiation in the ultraviolet 

region of the spectrum, 2,480 to 3,120 Â , has also been employed in tissue 

culture work and the behavior of cell division under its influence studied. 

Davies and Walker ( 340 ) designed a special microscope for this purpose and 

employed chick heart fibroblasts as experimental material. Stroud and Brues 

(1311) have carried out some interesting cinematographic studies on the 

effect of tritium oxide on normal tissues. Small radiation doses from this radio-

active hydrogen isotope caused prolongation, abnormalities, and inhibition of 

mitotic division and killed cells only during or after mitosis. This work was 

carried out for the United States Atomic Energy Commission in 1950. The 

cinemicrographic recordings of cancer tissues is discussed below (see p. 109). 

But apart from radiation, chemical poisons may have a very marked effect 

on mitosis, and here again time-lapse cinemicrography in conjunction with 

phase contrast has proved an excellent method for observing and recording 

the results. Von Möllendorf (961, 962) made some very extensive investiga-

tions at the University of Zürich in 1938 on the influence of various chemicals 

on mitotic divisions in subcutaneous rabbit tissues. He was mainly concerned 
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with the alteration of the number of divisions, which was produced by adding 

to his cultures neutral salts, sugars, and various alcohols and urethane. This 

is an excellent example of the value of automatic recording by means of time-

lapse techniques; as v. Möllendorf pointed out, it would have been impossible 

by other means, as he needed an hourly count of the number of cell divisions 

taking place and a record of the varying lengths of their individual phases. His 

biological results were not conclusive. The work of Lettré (807) in this field 

has been equally extensive. With the poison colchicine, he found that mitosis 

was started but not completed, and he noticed an enhanced effect after addition 

of a synergetic compound. With hypoflavine, a different effect was observed, 

since it acted directly on the chromosomes and produced complete agglutination, 

but in spite of this, normal cytoplasmic streaming continued. 

Hughes (637) examined in 1950 mitotic poisons in chick tissue cultures; 

he used time-lapse cinemicrography for the evaluation of their effectiveness. 

Colchicine was employed as a standard and other chemical compounds such as 

chloracetophenone, sodium fluoride, hydrocyanic acid, urethane, and sodium 

malonate were compared with it. Their choice was dictated by the fact that 

these were mostly enzyme poisons, but Hughes was unable to find any definite 

correlation between their poisonous effects on enzymes and mitosis. In col-

laboration with Fell (640) , he analyzed the effect of mustard gas, β ß'-dichloro-

diethyl sulfide, on mitosis in embryonic fowl osteoblast cultures. Many ab-

normal mitotic figures could be recognized, the three main types being bipolar, 

tripolar, and apolar mitosis. The general cytological effects were found to 

resemble those of irradiation. A number of Hughes' (639) cinemicrographic 

research films have been preserved in London. 

Meiosis 

The first and so far apparently the only cinemicrographic record of a com-

plete meiotic process was made by Michel (941) in 1943 in the Micro-Labora-

tory of Zeiss in Jena. He used a suspension of spermatocytes from the grass-

hopper Psophus stridulus, which he mounted in an oil chamber, similar to de 

Fonbrune's (see p. 110). A time-lapse frequency of 8 frames per minute was 

employed. The film which resulted from his work has enthralled biologists all 

over the world and may well claim to be an outstanding achievement from the 

cinematographic as well as from the biological point of view. Beautiful repro-

ductions from it accompanied his original paper, and Michel was able to deduce 

from his research film detailed time measurements of the reduction division 

(see Fig. 31) . This valuable biological film has been preserved in London and 

elsewhere. 
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Extracts from the frame-analysis of two chromosomes, I and II, during their division. 

The relative rapidity with which this occurs is clearly shown in the graphical representa-

tion, traced from the time-lapse phase contrast cinemicrographic record of Michel ( 9 4 1 ) 

Courtesy of K . Michel, Göttingen, Germany. 

H E M O C Y T O L O G Y 

As in other fields of cytology, time-lapse cinemicrography has proved a 
valuable research instrument in the study of blood cells. One of the recent 
investigations in this field was carried out by Frederic (455) at the University 
of Liege in 1951. At that time it had not been definitely established whether 
epithelial cells could assume a histogenetic function, although such an activity 
had been postulated. Phase contrast and time-lapse cinemicrography was there-
fore used to record the changes in the epithelial liver cells of a culture of 8-day-
old chick embryo tissue, Frederic was able to establish the fact that macrophages 
were formed spontaneously, and that this formation could be stimulated by an 
increase in the pH of the culture and by certain chemicals. 
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Interesting investigations with macrophages and their behavior after im-

munization were carried out by Vollmar (1401) at the Institute for Chemo-

therapy, Frankfurt am Main. She showed that only macrophages of expiants 

from those rabbits that had previously been immunized against chick blood 

corpuscles were capable of phagocytosis. If the rabbit had not been immunized, 

the macrophages would approach the erythroblasts but would not phagocytose 

them, and a similar result could be observed in hemolysis. The intra- and inter-

cellular behavior of the same type of blood cells after mixing with mineral 

dusts was reported in 1952 by Policard and Collet ( 1082) of the Centre d'Études 

et de Recherches des Charbonnages. Various dusts from such minerals as Eng-

lish anthracite, pure Brazilian quartz, white mica and white kaolin were sus-

pended in physiological saline and were injected intraperitoneally into white 

rats. Time-lapse cinemicrography at 30 frames per minute was carried out on 

the exudate and showed that the anthracite had little effect on the protoplasmic 

streaming and cellular movements of the macrophages that constituted the 

exudate. 

Early quantitative work on leucocytes was done by Comandon (291) , who 

compared the movements of the white blood corpuscles of a frog, a carp, and a 

toad with those of man, and from a detailed frame-analysis was able to calculate 

their velocity. He also studied Chemotaxis, and published a separate paper 

on this subject (292) . A great number of different substances were investi-

gated and their relative velocity of attraction to the leucocytes from different 

animals was recorded in time-lapse, from 6 to 20 frames per minute. In Tan-

nenberg's (1324) investigation, loop-projection was probably the ideal method 

of obtaining the maximum information from his completed research film, 

which established definite proof of the migration of leucocytes across the walls 

of blood vessels. 

Comparatively little work with cinemicrography has apparently been done 

on other blood corpuscles. Comandon and Jolly (307) used erythroblasts of 

Triton in 1913 for mitosis experiments (see p. 102) and Triolo (1361) has 
recorded the behavior of erythroblasts from a number of different animals. 

Comandon and de Fonbrune (297) used cinemicrographic techniques to 

analyze the behavior of Lankesterella minima in the red blood corpuscles of 

the frog. Rich, Wintrobe, and Lewis (1142) of Johns Hopkins University suc-

ceeded in distinguishing myeloblasts and lymphoblasts by their manner of loco-

motion, which was cinemicrographically recorded. A study was made of the 

cells of normal bone marrow and of leukemic blood, and the results provided 

certain evidence against the "unitarian" interpretation of blood formation. The 

investigation of diseased cells by means of time-lapse cinemicrography is also 
important, and the examples in the next section will show the valuable results 

that have been obtained on animal cells. 
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CYTOPATHOLOGY, C A N C E R 

Time-lapse cinemicrography has allowed the slow progress of a cancerous 
growth to be observed, recorded, and analyzed: many research workers have 
therefore employed it in their investigations, and as the examples will show, it 
has proved very useful. Much further work could be done with this technique, 
and perhaps the following examples may suggest new avenues of approach or 
extensions of what has already been done (see also p. 365) . 

Canti's (238) pioneering work in England in 1928 on the effect of radium 
emanation on cancer cells has already been mentioned (see p. 105). In a 
later serological investigation, his technique aided Lumsden, Macrae, and Skip-
per (851) in investigating the effects of the serum of rats immune to Jensen's 
rat sarcoma upon tissue cultures of rat sarcoma and upon normal rat cells. 
Costero (320) confirmed Canti's work, using X-rays as the method of irradia-
tion and also recorded cinemicrographically the effects of certain chemical com-
pounds on microglia. 

In Germany, the pioneer work in cinemicrographic investigation of car-
cinoma cells was carred out by Knolle, Laubenheimer, and Vollmar (732) at the 
Chemotherapeutic Research Institute of the University of Frankfurt am Main. 
Their excellent reviews in 1932 and 1933 stressed the great value of this tech-
nique in their research. In 1931, Hauser and Vollmar (588) published their 
first paper in this field and demonstrated the thixotropic nature of the cytoplasm 
of mouse carcinoma cells. These experiments were recorded with an Askania 
cine camera at a frequency of 12 frames per minute. Among other papers from 
this Institute, the one by Vollmar and Rajewsky ( 1402 ) was particularly inter-
esting. Special X-ray equipment had been designed to allow the continuous 
observation of tissue cultures by means of time-lapse cinemicrography before, 
during, and after irradiation of normal and carcinoma cells. The lethal doses of 
normal cells were found to lie between 960 and 1,920 r, but for cancer tissues it 
could be established that certain individual cells always survived the radiations. 

Interesting also was the work of Huzella (652) in Budapest on the intra-
cellular pathology of carcinoma. His films showed clearly that the normal 
action of a sarcoma cell, its ameboid movement, phagocytosis, and ability to 
divide, was not sufficient to explain the growth of cancer tissue. In addition it 
needed the growing fibroblasts with their connective tissue, to form a "bridge" 
for the sarcoma cells to infiltrate into the healthy tissues and penetrate them. 
More recently, in 1952, Waymouth and Speed (1425) , of the Chester Beatty 
Research Institute in London, have employed time-lapse cinemicrography in 
studying the behavior of cancer cells in cultures of rat tumor tissue. An inter-
esting phenomenon could be observed and recorded for the first time: the pene-
tration of the sarcoma cells by others of the macrophage type. The macrophage 
could be observed to move about inside the sarcoma cell, displacing mitochon-
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dria and fat droplets and colliding with the nucleus. Earle's (378) extensive 

work on the production of malignancy in vitro, carried out at the National Can-

cer Institute of the United States Public Health Service must also be mentioned. 

There can be no doubt that the above examples have not exhausted the pos-

sible attacks on cancer by means of time-lapse cinemicrography, however valu-

able the results have been. One might well imagine that time-lapse cinemi-

crography would have become one of the standard instruments in this branch 

of medical research, but apparently this is not the case (see p. 365) . An imagi-

native approach to this problem was contained, however, in a preliminary report 

of work by Wartman (1418) of Northwestern University, Chicago. Phase 

contrast time-lapse cinemicrography was started in 1948 to record cancer growth 

continuously for 5 years, at a frequency of 2 frames per minute. 

PHYSIOLOGY OF U N I C E L L U L A R A N I M A L S 

Amoeba and other protozoa are particularly convenient experimental ani-

mals, as they provide an opportunity for studying certain basic processes without 

the presence of too many extraneous factors. Their digestive processes may be 

compared with phagocytosis, and nuclear grafts may be considered as experi-

mental embryology. Comandon and de Fonbrune (298) began a systematic 

investigation of the physiology of certain Amoebae in 1936. Comandon had 

developed his cinemicrographic technique to a very high state of perfection 

(see p. 4 5 ) , and de Fonbrune (422) contributed his pneumatic micromanipu-

lator and his oil chamber. This type of chamber was prepared by surrounding 

the preparation, suspended from the coverglass, by a layer of paraffin oil, itself 

contained between the two lateral glass supports of the coverslip; these sup-

ports were attached to the microscope slide. It was easily accessible to the 

instruments of the micromanipulator, however, since the coverslip was sup-

ported on only two of its four sides. 

In their first papers (299, 421) they reported studies of the ingestion and 

digestion of B. megatherium by Amoeba phagocytoides; these events were 

recorded in time-lapse cinemicrography. Both organisms were mounted on an 

agar plate, 10 mm in diameter and 1 mm thick, which was placed in the oil 

chamber. Cinemicrographic technique allowed them to follow the digestive 

processes in the vacuole for a considerable time, and simultaneously permit-

ted comparative time measurements for various species of Amoeba. In another 

experiment Amoeba verucosa (300) was shown to ingest algal filaments in two 

different ways: by direct penetration of the pseudopodia into the endoplasm and 

by a simultaneous encircling and folding action which "screwed" the filament 

into the ameba—not always successfully. Amoeba terrkola (301) was also 

filmed. 
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As may be seen from these researches, Amoebae present the ideal animals 

for micromanipulative studies. Comandon and de Fonbrune (304) performed 

their first surgical experiments on them in 1938, beginning with a simple 

perforation of the cell wall, and found that these punctures soon healed up 

again and could be repeated many times on the same ameba. In these experi-

ments the excision of the nucleus was also studied. They could record in time-

lapse the various diminished movements of the enucleated amebas, most of 

which died within 3 days. There is a similarity between this investigation and 

that of Moricard, Gothié, and Tsatsaris (976) , in which micromanipulative 

methods were employed to extract the nucleus from the primary oocyte of 

various mammals. 

Of Comandon and De Fonbrune's (305) many investigations, undoubtedly 

the most interesting and spectacular concerned the grafting of the nucleus from 

one ameba into another, previously enucleated. Two amebas were placed side 

by side in one fork and the nucleus from one ameba was firmly pushed into the 

other with a needle (see Fig. 32 ) . Time-lapse cinemicrography allowed the con-

tinuous observation of both the donating and the receiving ameba for a con-

siderable time after the operation. The receiving ameba continued to live and 

divide perfectly normally, and the donor could be revived after as long as two 

days by a new graft of another nucleus. Amebas with two nuclei were observed 

to undergo division into mono- and binuclear amebas, but no detailed records 

of these events were obtained. If more than two nuclei were present in the 

same ameba, no division occurred. 

Other research films of unicellular animals have been made by Kuhl 

(760) , who has recently investigated the morphological appearance and the 

behavior of the multinuclear heliozoon Actinosphaerium eichhorni, by means 

of time-lapse cinemicrography. He also recorded the rapid restitution, in about 

20 minutes, of heliozoa which had been completely squashed by the application 

of high pressure. The locomotion and ingestion of Trichomonas vaginalis was 

studied cinemicrographically by Hogue (622) at the University of Pennsylvania 

in 1947. Hutchinson (649) has carried out similar work. 

Reproduction 

The ability of the cine camera to speed up the slow changes occurring in 

reproductive processes has been of the greatest value in this, as in so many other 

fields of biological research, and has led to new quantitative measurements, par-

ticularly in the case of G. Kuhl's work. Chevreton and Vies (266) , when work-

ing in 1911 on the embryological development of the sea urchin Paracentrotus 

lividus, induced parthenogenetic division in a number of experiments. While 

they could easily record the whole process of normal development by means of 

time-lapse cinemicrography, they found that the parthenogenetic divisions did 
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F I G U R E 32. T R A N S F E R O F A N U C L E U S I N A N A M E B A : 1939 

Read from left to right, from top to bottom. 

Two Amoeba sphaeronucleus were suspended in water, and a glass micromanipulator 

was held against the recipient; a direct thrust by the needle then transfered the nucleus from 

the right Amoeba to the left, leaving, after extraction of the needle, one with two nuclei— 

the one on the left in the last frame—and one with none, the one on the right. The re-

sulting punctures soon healed over. The whole operation, as well as the resulting behavior 

of the two Amoebae was recorded cinemicrographically, partly at normal frequency, partly 

at time-lapse. 

Courtesy of J . Comandon and P. de Fonbrune, Institut Pasteur, Paris. 

not go to completion during filming. From controls, they deduced that this 
was caused by the intensity of their arc illumination, and by comparative experi-
ments with a number of color filters they discovered the least harmful wave 
lengths, 5,400 to 5,700 Â , which allowed the furthest progress in partheno-
genesis. Unfortunately, however, their film emulsions at that time were least 
sensitive in this range, and no complete records could be obtained. A repetition 
of this work with modern materials has apparently still to be undertaken. 

Numerous cinemicrographic records of division in protozoa have been 
obtained by Comandon and de Fonbrune (298-302). The asexual reproduction 
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of the hydroid Craspedacusta sowerbii has been the subject of two cinema-

tographic studies. Reisinger (1138) at the University of Cologne recorded 

asexual budding and sexual reproduction with the formation of the polyp 

Mycrohydra, while G. Kuhl (752, 753) carried out extensive cinemicrographic 

analysis in time-lapse of the budding and general ecology of this form. Another 

interesting investigation came from Hill, Allen, and Kramer (611) at Yale Uni-

versity—a cinemicrographic record of ovulation in rabbits. Ovaries from 

recently mated female rabbits were exposed and, with their blood supply unin-

terrupted, were placed in small glass chambers filled with physiological saline at 

body temperature. The chamber itself was fitted with a mirror so that the pro-

truding follicles were outlined in sharp profile (see Fig. 33) . 

Embryology 

Time-lapse cinemicrography appears to be the perfect technique for the 

observation and recording of the slowly growing embryo. The speeded motion 

which the projection of the film affords the investigator is not easy to achieve, 

however, as neither the invertebrate nor the vertebrate embryo is the ideal sub-

ject for filming. 

INVERTEBRATES 

The main limitations of filming the invertebrate embryo occur when the 

surrounding tissues become opaque or when the rotation of the embryo pre-

vents it being kept in the same fixed position, essential for time-lapse record-

ing. The sea urchin has undoubtedly been the most filmed invertebrate, and as 

long ago as 1908 Riess (1148) of the University of Bern recorded the various 

stages of segmentation of StrongylocerJrotus lividus. In the same year, Chevre-

ton and Vies (265) used also time-lapse cinemicrography on Paracentrotus 

lividus and followed its developmental stages right through to the larva. Further 

work by them (266) and by François-Franck and Vies (448) repeated the 

earlier work in 1929, and more constant time-lapse frequencies were used. 

Chambers, Speidel, and Harvey (259) have also recorded the embryological 

development of the sea urchin Arbacia and demonstrated their results at the 

Marine Biological Laboratory, Woods Hole, in 1939. 

Turning now to quantitative investigations, one finds that perhaps the most 

thorough one was that carried out by W. and G. Kuhl (763) at the University 

of Frankfurt am Main, using as specimen Psammechinus miliaris GMEL. A 

large number of quantitative results were obtained for the vitelline membrane, 

the movements of the male and female nuclei, the zygote, and mitotic divi-

sions up to about the tenth stage. Frame-analysis was used throughout (see 

p. 83) and showed, for example, that the female nucleus moved a distance of 
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F I G U R E 33. C I N E M I C R O G R A P H I C S T U D Y O F R A B B I T O V U L A T I O N : 1935 

1 Profile view of two follicles. 

2 Same follicles, 1 hour later. A third follicle, arrow, was just coming into view and 

was the first to rupture. 

3 Rupture of follicle, clear fluid on under side of ovary. 

4 Follicular exudate of first ruptured follicle increased in amount and had some blood 

incorporated in its mass, arrow Β; secondary cone starting to form at apex of large 

follicle, arrow A. 

5 Apical cone large and clear with blood lake showing at tip; H /2 hours after 1. 

6 Explosive rupture of large follicle; clear gelatinous material obscured by secondary 

flow of blood; 8 seconds after 5. 

7 The ovum shown surrounded by follicle cells with follicular exudate still attached 

to follicle below. 

8 Hanging drop preparation of ovum from 7. Note the tight fitting of the zona 

pellucida about the vitellus and the clearly defined corona radiations. 

The investigation was carried out by R. T. Hill, E. Allen and T . C . Kramer. 

Reproduced by permission from the original figure in Anatomical Record, 63 , 239. 
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0.03 mm in 65 seconds towards the male but that, after fertilization, the zygote 

only traversed 0.005 mm in the same time. Rothschild and Swann (1169) of 

Cambridge University employed in 1949 the same species of sea urchin in their 

cinemicrographic study of the fertilization reaction; darkground illumination 

and a frequency of 2 f.p.s. were used. Changes in the optical properties of the 

cortical structure allowed its transformation to be followed until the formation 

of the fertilization membrane; the speed of movement of the spermatozoa could 

also be determined (see also p. 353) . Comandon and de Fonbrune (296) 

investigated variations in density in the eggs of the gastropod Limnea auricularis 

and noted, during the early stages of its embryological development, a periodic 

swelling followed by rupture and ejection of fluid, when it was not enclosed in 

its chorion. 

The problem of opacity did not arise with the embryological development 

of the roundworm Ascaris megalocephala, a parasite of the horse, which was 

recorded by Autrum (95) using time-lapse cinemicrography, frequency 4 frames 

per minute. All stages of the formation of the embryo, from the fertilized egg 

to the adult worm, could be registered, and in particular the beginning of its 

first movements could be speeded up by time-lapse. Similarly, W. Kuhl (761) 

used a time-lapse frequency of 12 frames per minute for his thorough analysis 

of the embryological stages of the annelid Pomatoceros triqueter. 

The reverse position, where opacity rather than rotation sets the limit, arises 

in the metamorphosis of insects from the larval to the adult stage, taking 

place in the pupa which is normally opaque. Thévenard (1334) , in 1950, was 

the first to realize the possibilities of following these interesting developmental 

stages by means of X-ray cinematography in time-lapse. His first experiment was 

concerned with tracing the movements of the spherical air-bubble which formed 

soon after the beginning of pupation in the blow fly, Calliphora erythrocephala. 

In a second experimental study, Thévenard concentrated his attention on record-

ing the excretory organs which, probably on account of their high calcium con-

tent, showed up clearly in the pupa. Abnormal developments of the pupa could 

also be followed, for example an "inversion," in which the head of the insect 

developed at the place of the larval abdomen and where the larval head gave 

rise to the insect's abdominal regions. Another unusual pupal development, 

brought about by a cancerous disease, was also recorded. There can be no doubt 

that Thévenard's technique with X-ray cinematography is pioneering a very 

useful research method. 

VERTEBRATES 

With vertebrate embryos, in addition to the difficulties sometimes encoun-

tered in filming invertebrates, such as opaque membranes and rotation, there 

are greater inherent obstacles in obtaining the specimen and keeping it alive 

during the often lengthy periods of development. A further difficulty is met 
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when it is desired to record fertilization and embryological development on the 

same egg: the spermatozoa would have to be suspended in a suitable liquid 

medium and filmed at normal frequency, while the growing embryo demands a 

fixed position, nourishment, for example in plasma, and recording in time-lapse. 

It is a simple matter to change the camera frequency, but the transfer, under 

sterile conditions, of the fertilized egg from one medium to another by means 

of micromanipulation appears difficult, though perhaps not impossible. Stand-

ard time-lapse techniques of cinemicrography have been employed by many 

investigators, as for example by Autrum ( 9 1 ) , who studied the embryo of the 

Zebra fish Brachydanio reria, up to the formation of the chordamesoderm. Lewis 

and Rosen-Runge (815) used the same species to record the formation of the 

blastodisc and found it analogous to the formation of the hyaline caps of the 

Amoeba. Vogt (1400) carried out a comparative study of the embryology 

of a number of amphibia with Triturus vulgaris, Pleurodeles waltli, and Ambly-

stoma mexicanum, in which cinemicographic records formed the basis of his 

comparative analysis. 

In the field of avian embryology, Gräper's (545) lengthy and thorough 

researches extended over 20 years, in most of which stereoscopic cinemicrography 

in time-lapse was employed. His first film (546) did not satisfy Gräper (548) 

because he could not differentiate the level of certain morphogenetic movements 

in the embryo, and for that reason he developed his system of stereoscopic cine-

micrography, which he employed at the frequency of 60 frames per hour (see 

p. 58) . That he had obtained a new insight into embryological movements 

Gräper ( 547 ) announced at the Anatomical Congress of Frankfurt am Main in 

1928. With this technique Gräper (549-552) continued to investigate the 

complicated development of the chick embryo, and he, as well as his colleague 

Treiber-Merbach (1356) , published a number of further papers on the sub-

ject. Cinemicrographic records were made, giving full details of embryologi-

cal development extending right up to the 5th day of incubation, when the 

movements of the embryo itself made any further observation by time-lapse 

impossible. 

Different cinematographic techniques were employed by Phillips (1063) 

of Cornell University to record on color film the complete growth of the chick 

embryo. Time-lapse was used when the egg was viewed in transmitted light; 

reflected light was also employed, and after removal of the shell, a layer of min-

eral oil was used to render the shell membranes transparent. Time-lapse cine-

micrography was also used by Fell and Canti (407) to study the embryological 

development of the avian knee-joint. Progressive enlargements of the three 

chondrifying areas of the femur, the tibia, and the fibula could be clearly seen in 

the film on projection, and it could therefore be established that the knee-joint 

was not formed by streaming of cells as had been suggested. 
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In mammalian embryology, specimens have so far been provided only by the 

rabbit and the mouse, and cinemicrography has not yet been employed for any 

comparative analysis of the higher mammals; the difficulties of obtaining human 

embryos have so far precluded any films of their developmental stages. In the 

lower members of this class, the fertilized egg can normally be obtained by 

washing it from the fallopian tubes after mating; it can then be mounted in 

autologous plasma in an incubator. This technique was followed by Lewis and 

Gregory (814) at the Carnegie Institute in Washington in the case of rab-

bits; time-lapse cinemicrography, 25 frames per hour, led to a number of inter-

esting observations. 

Frommolt (492) also used rabbit eggs, and in one experiment, after the 

penetration of the zona pellucida, the moment of actual fertilization was re-

corded; a rather sudden contraction of the ovum was shown. W. Kuhl and 

Friedrich-Ereksa (7o2) succeeded, by caretul attention to aseptic conditions, in 

recording the development of the mouse embryo continuously up to the 5 th day. 

i\ ircquency or 2 frames per minute showed up clearly trie various embryological 

Plages , m e fusion ol the male and female pronuclei and the subsequent nrst 

envision was recorded by them tor the first time. The opaqueness of the enclos-

ing membranes prevented the filming ot all the subsequent embryological 

stages; chemicals such as paraffin oil may be employed, but they may in turn 

affect the experimental conditions. Elias (391) circumvented this difficulty 

by plasticine models of embryos, although he filmed gastrulation by time-lapse 

cinemicrography. A number of other research films of interest to the embryolo-

gist are mentioned below when the heart and circulation are discussed (see 

p. 135) . 

The future uses of cinematography in embryology are more limited by the 

behavior of the embryo and by the available biological techniques than by the 

recording instrument itself. As previous sections have shown, intricate details 

of the living cell structure can be recorded over lengthy periods and quantita-

tively analyzed; when it has become possible to render the growing embryo 

transparent and to prevent its movements, it will become equally possible to 

record all its growth stages by means of time-lapse cinemicrography. Whether 

it will be feasible to do so without interfering too much with the natural con-

ditions of growth is at present doubtful; the greatest difficulties at the moment 

are connected with the movements of the growing embryo. In these studies 

they have proved a serious disadvantage; the next section, however, will be 

devoted entirely to the movements of animals and their methods of locomo-

tion, the classic field of physiology which originally gave rise to scientific 

cinematography. 
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Locomotion 

INTRODUCTION 

It is one of the characteristics of animals that they can move about in search 

of food, foothold, and friend. From a mechanical point of view a number of 

different methods of propulsion can be distinguished, depending on the animal's 

habitat. On land it can pull; fishes and whales push against water with a 

rhythmic movement; and in the air, birds, bats, and insects spread their wings 

to counteract gravity and propel themselves by using either an internal or exter-

nal source of energy. To study any of these complex patterns of movement it 

is necessary to dissect them into simpler components, and cinematography has 

proved ideal for this purpose; in fact, scientific cinematography was originally 

invented to allow analysis of animal locomotion. Before, only the visual obser-

vations of the physiologist and pneumatographic methods were available; for 

example, Marey (892) attached pneumatic pressure pads to the four hoofs of 

a horse and registered pressure changes in them on a kymograph drum, held by 

the rider in his hand. His studies became famous and directly inspired the 

photographic work of Muybridge (988) in San Francisco (see also p. 332) . 

LOCOMOTION ON LAND 

The first who can claim to have contributed to an understanding of animal 
movements by photographic methods was Muybridge (989) , an English pho-
tographer, working on the Pacific coast of North America in 1872. His original 
task was to settle the old controversy about the trotting horse; whether it had 
its four legs off the ground at any time. For this purpose Muybridge con-
structed a battery of photographic cameras, 24 to 30 in a single line, facing a 
white wall with a suitable grid painted on it. His results were published in 
1878 and included pictures of a trotting horse with all four legs off the ground. 
In 1882, Muybridge (990) described his equipment at a special meeting of the 
Royal Institution, the Prirnce of Wales being in the chair; a number of articles 
appeared about Muybridge (991) at the same time. Muybridge's photographic 
method suffered from the fault that movement was analyzed in space and not 
in time. In 1887 he published 11 volumes, containing 20,000 photographs, on 
Animal Locomotion, which contained under the headings of Walk, Amble, 
Trot, Rack, Canter, Gallop, Ricochet, Leap, and Kick the performance of horse, 
lion, ox, goat, hog, cat, elephant, dog, baboon, sloth, elk, camel, antelope, and 
kangaroo. 

In 1882 Marey (892) constructed his own photographic camera, the fusil 

photographique, which he employed for the analysis of the flight of birds, and 
finally in 1888 (895) he presented his first description of a cinematographic 
camera to the Académie des Sciences, the chambre ehronophotographique; it 
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was used extensively for the investigation of animal locomotion. In the com-

parative field Marey (896) could record the locomotion of a horse, an elephant, 

and a man, and show that the same skeletal segments carried out different func-

tions and movements in the three species. The motions of a snake and an eel 

(903) were also compared and a large number of other animals were recorded 

cinematographkally by him. From a strictly quantitative point of view, Marey 

(904) recorded in 1898 at 30 f.p.s. the right posterior limb of the horse (see 

Fig. 6 ) . One of his most famous records showed a cat, which turned through 

180° as it fell and landed on its feet; this was filmed in 1894 (902) using high-

speed cinematography at 120 f.p.s. 

The cinematographic method has been used by a number of other investiga-

tors in their study of animal locomotion, but few have employed it in the same 

systematic manner as Marey. Gatti (508) , at the University of Genoa in 1913, 

investigated with its aid the compensatory movements of head and backbone on 

different animals. Hirsch (614) studied the jumping mechanism of a frog in 

Berlin in 1931. Using high-speed cinematography at 160 f.p.s., he could show 

that the planta pedis was an important secondary muscle concerned in this 

type of movement. Knoll (731) , at the University Riding School at Ham-

burg in 1934, took up the locomotion of the horse again, and from frame-

anaysis of his many records could trace the changes of the center of gravity 

during jumping, both with and without a rider in the saddle. The horse has 

continued to be the subject of cinematographic studies of locomotion, and in 

recent years, Chieffi (268) , Slijper (1246) , and Ottaway (1025) have worked 

on this subject. Prechtl (1098) in Vienna recorded the movements of lizards 

at 64 f.p.s., and Elftman (389) found high-speed cinematography useful in his 

comparative analysis of bipedal walking of a chimpanzee and a human being. 

The same technique was found useful in the analysis of the movements of a 

click-beetle (1488) . 

An interesting analysis of the method of locomotion of myriapods was 

carried out by Bethe in conjunction with Salmonson (148) and with Thorner 

(149) . A centipede was made to crawl over slightly roughened wood, limited 

in front by a small glass window and confined at the back by a centimeter scale 

(see Fig. 34) . A center of coordination could not be found, and it was con-

cluded that the motions of the legs were initiated anew from instant to instant. 

Peripatus was filmed by Manton (888) at 14 f.p.s., both from the top and from 

the side; but apparently the artificial illumination influenced its natural loco-

motion, at it normally avoided strong sunlight. The use of infrared illumination 

should be borne in mind (see p. 91) when cinematographic records of animals 

in the dark are required. 
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F I G U R E 3 4 . C I N E M A T O G R A P H I C R E C O R D S O F A M Y R I A P O D C R O S S I N G A N 

O P E N S P A C E : 1 9 3 3 

First 1 0 frames: Space 9 m m wide |̂ 

Next 3 frames: Space 7 m m wide J- all 3 m m deep. 

Last 2 frames: Space 1 2 m m wide 

The horizontal scale in centimeters is clearly visible, but the stopwatch recorded on each 

frame is not reproduced. The time interval between each of the first 1 0 frames is, in 

hundredths of a second: 2 7 , 2 5 , 3 6 , 2 4 , 3 8 , 4 0 , 1 0 0 , 5 2 . 

Reproduced from A . Bethe and H . Thorner ( 1 4 9 ) , courtesy of Springer-Verlag, Gernmay. 
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LOCOMOTION I N W A T E R 

The fundamental difference between locomotion on land and in water is the 
fact that movement in water can occur in the three dimensions in space. For a 
complete analysis of swimming by cinematography, therefore, it is essential 
to have three cine cameras with their axes at right angles to each other; or 
to suppress movement in one direction by strapping the fish onto a support, 
thus allowing free motion only backward and forward; or to place the animal 
between two vertical glass plates in the aquarium and thus prevent its move-

F I G U R E 35. S W I M M I N G O F A S K A T E : 1 8 9 0 

Read from bottom upward. 

Marey ( 897 ) had difficulty in making the skate move its fins when it was held station-
ary in the aquarium; he finally found that tickling with a stick beneath its tail was most 
successful. The undulatory movements of the fin proceeded from the anterior to the pos-
terior end, increasing in amplitude; by the time one wave had disappeared at the tail, a new 
one started near the head, a fact visible in the first, the bottom frame. 
From E. J . Marey, Le Mouvement, G . Masson, Paris 1894. 
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merits out of the focal plane. (The techniques of aquarium cinematography 

form a section of the chapter on Underwater Cinematography in Volume II. ) 

Marey (897, 903) strapped a skate onto a support and obtained excellent 

records of its swimming movements, showing clearly the traveling wave motion 

of the fins (see Fig. 35) . In his aquarium at Possilippo, near Naples, he used 

sunlight as illumination, either from behind, thus showing the fish in silhouette, 

or reflected by means of a mirror through the transparent bottom of the aqua-

rium. A totally different type of movement was recorded in a medusa, show-

ing clearly the contractions of the umbrella surface. The successive raising and 

lowering of the dorsal fin of the seahorse, Hippocampus, was studied cinema-

tographically by Marey, and later by Antony and Chevreton ( 7 6 ) . 

Von Uexkiill (1373) investigated the behavior of starfish by means of cine-

matography under normal conditions and after removal of their arms. Polimanti 

(1085) , working at the Zoological Station of Naples, also found cinematog-

graphy a valuable method of recording various swimming actions during his 

investigations of the physiology of the central nervous system of the Selachii 

and Teleostomi. Both Patin (1034) and Gray (553) at the Zoological Labora-

tory, Cambridge, England, have employed cinematography to analyze swimming 

movements. The former used time-lapse frequency for the slow movements of 

the sea anemone, Metridium senile, along the sea bed and for its feeding; and 

the latter studied the swimming of fish. Apparently the most accurate quanti-

tative work was that of Magnan and Sainte-Laguë (879) , who recorded the 

swimming of the common trout cinematographically against a grid of known 

dimension and used a swinging pendulum simultaneously as a time base. Storch 

(1301) , at the University of Vienna, has used high-speed cinemicrography to 

record the many animal movements that could only be analyzed by means of a 

microscope, on account of their smallness, and by a high-speed camera, because 

they were too rapid for visual observation. He was able to film the swimming 

movement of the water flea, Cyclops, at 200 f.p.s. Consecutive frames from 

his films showed the animal at rest, and 1/200 second later, in full swimming 

movement with the antennae folded back on account of the water resistance. 

The locomotion of bacteria (see p. 97) and the movements of cilia and flagella 

(see p. 101) have been discussed above. 

FLIGHTS OF BIRDS 

When Marey (898) published his classic work Le Vol des oiseaux in 1890, 
a vigorous search for a method of powered flight was carried out by inventors 
in many different countries, and it was hoped that a closer analysis of the flight 
of birds would lead to the final conquest of the air. In this search, cinema-
tography has played a leading part. Here again, as in the case of locomotion in 
water, a three-dimensional movement must be recorded; moreover, the flight 
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of birds is among the most rapid occurrences in nature, and this can be analyzed 

by the use of high-speed cinematography. 

Muybridge (989) , acting on the wish of Marey, had taken in 1879 some 

serial photographs of pigeons, vultures, and cockatoos. In 1882, Marey con-

structed his fusil photographique for the analysis of bird flight, and with this 

he obtained records of four different positions of the wing of a seagull, beating 

at the rate of three per second. Much better results were later obtained when 

he employed three chambres chronophoto graphiques, and in all three dimen-

sions, at a frequency of 60 f.p.s. He recorded with them the flight of a pigeon 

against a perfectly black background, and he reproduced the results in his book 

in 1890, thereby demonstrating the first example of high-speed cinematography 

(see Fig. 36 ) ; Marey projected these pictures by means of a phenakistiscope, a 

F I G U R E 36. T H E F L I G H T O F A P I G E O N , T H E F I R S T E X A M P L E O F H I G H - S P E E D 

C I N E M A T O G R A P H Y , R E C O R D E D B Y M A R E Y I N 1890 

A suitable modification of the chambre chronophoto graphique (see Fig. 1 ) was made 
to reduce the exposure time per frame to 1 /4 ,000 second at a frequency of 60 f.p.s. T h e 

white vertical string, stretched in front of the black hollow cubicle against which these pic-

tures were taken, served as the basis for the calculations of the horizontal velocity of the 

pigeon. It was found to be 8 m per second. 
Reproduced from E . J . Marey, Le Vol des oiseaux, G . Masson, Paris, 1890. 

wheel-of-life device invented by Plateau (1081) in 1833. They served as the 
basis for his calculations on the work expended by different species in various 
phases of flight, including the then little-known attitude of soaring. 

In many different countries these classic investigations have been the basis 
of subsequent work employing cinematography; they were for example extended 
by Girerd (526) , also in France, and by Guidi (565) in Italy. The latter was 
particularly interested in the aerodynamics of the wing tip and used high-speed 
cinematography, 64 f.p.s. and 128 f.p.s., exposure 1/2000 second, with a hand-
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held camera and recorded the flight of a pigeon in all three dimensions in this 
way. Brown (200) , at Cambridge, England, coupled an Arditron flash tube 
to his high-speed cine camera, frequency 83 f.p.s., to record the flight mechanism 
of the homing pigeon. In Germany, Stolpe (1299) made a detailed analysis 
of the flight of the humming bird and reported his results in 1938. He used 
high-speed cinematography up to 1,500 f.p.s. and obtained records of flight in 
three dimensions. The particular species were Chlorostilbon aureoventris, wing-
beat 37 per second, and Melanotrochilus luscus, 29 per second. The linear 
velocity was found to be 13 m/sec for the forward stroke and 11 m/sec for the 
backward stroke, with a maximum of 20 m/sec. In New York, Lester (806) 
has also recorded the flight of humming birds, using color film for high-speed 
cinematography at 3,000 f.p.s. Fitzpatrick and Stiles (416) have listed a num-
ber of general films on the flight of birds, including some containing high-speed 
cinematography. 

The most recent work with this technique was carried out by Storer (1302) 

in 1948, at the Cranbrook Institute of Science in the United States, when such 

birds as the American egret, herring gull and pelican were investigated in free 

flight. He compared their flight to that of an aircraft, with the primary feathers 

acting as the propeller, and the secondary and tertiary only functioning as the 

wing structures. Research on the flight of birds, in which cinematography has 

played a conspicuous part, has by now come full circle; it began as a method for 

investigating powered flight by man, and is now compared by him with that 

of the machine. 

FLIGHT OF INSECTS 

The study of insect flight is of no less antiquity than that of birds, and in 
this connection there is an interesting entry by Samuel Pepys in his diary of 
August 8, 1666, where he compared their humming with musical sounds. Two 
centuries later, Marey (892) also used an ingenious method by simply letting a 
rapidly beating wing describe its own trace on a quickly turning kymograph 
drum and comparing it with a similar record of a tuning fork on the drum. His 
results, 330 strokes per second for the house fly and 190 strokes per second for 
the bee, were still quoted as standards in the Encyclopaedia Britannica of 1946. 
Extremely short photographic exposures were first tried by v. Lendenfeld ( 800 ) 
in 1880, and Marey (900) modified his chambre ehronophotographique in 1891 
to take 20 f.p.s. at an exposure time of 1/25,000 second. He noticed the move-
ment of the haltères and suggested that further photographs of them might lead 
to a fuller understanding of their function. This proved to be the case, but 
only 50 years later. 

To record cinematographically the very rapid wingbeat of the smaller insects 

has been extremely difficult. The frequency of the picture-taking rate in the 
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camera has not been the limiting factor in the cinematographic investigation of 

the flight of insects so much as the additional experimental techniques which 

were required to record such small and transparent objects as the wings of 

insects. Von Lendenfeld (801) repeated his earlier work in 1903 with a new 

type of camera, frequency 1,600 to 2,150 f.p.s. and exposure time of 1/42,000 

second. Although he did not come to any specific conclusions about the method 

of flying, his experimental technique was noteworthy because he used small 

lead shot falling from a constant height as an ingenious timing device. It was 

Bull's (221) great achievement in 1904 to produce the final solution of this 

problem. He developed special stereoscopic equipment, which consisted of two 

rotating drums, each holding 54 frames of 35 mm film, and a spark source with 

a frequency of 2,000 per second. Flies and dragonflies were held in a pair of 

electromagnetic tweezers; bees and wasps passed through a small tube at the end 

of which a trap door, opened by the insect, gave the electric contact; beetles 

released the contact when they moved off a counterbalanced platform. He re-

ported (223) in 1909 the results of his experiments with a dragonfly and found 

that the wing moved from its upper posterior to its lower anterior position in 

a horizontal plane; there it suddenly changed its direction, and on returning to 

the upper position moved in a vertical plane. The downward stroke had, there-

fore, the function of lifting the insect, while the upward and backward move-

ment constituted the forward component of its flight (see Fig. 37) . Öhmichen 

( 1021 ) also relied on stroboscopic illumination and a rotating film-drum for the 

recording of the flight of birds and insects in 1920, while Magnan (878) modi-

fied a Noguès camera by removing the intermittent motion and thereby achieved 

a frequency of 12,000 f.p.s. His results showed that the product of the wing 

length and its frequency remained a constant with the value of 1.4 for Diptera, 

Hymenoptera, and Coleoptera, while it was half that, 0.7, but again constant, 

for Lepidoptera. 

Edgerton, Germeshausen and Grier (385) used their stroboscopic method 

of high-speed cinematography at 6,000 f.p.s. in 1944 to record the flight of a 

house fly. Eyles (397) published in 1945 the results of his work on the landing 

of a fly on the ceiling. This problem, originally put to the B.B.C. Brains Trust, 

was solved by recording at 1,500 f.p.s. the glass ceiling of a box in which a num-

ber of flies were imprisoned. Eyles concluded that a fly performed a "half-

roll" and came to rest at a slight angle to the original direction of its flight. 

Lester (806) , in 1948, finally studied the problem of the action of the haltères 

by high-speed cinematography. With his special method of lighting (see p. 

9 0 ) , he could clearly show their movements, always at the same rate, but in 

the opposite direction to the wings of the fly. Von Hoist (632) filmed his 

insects by fixing them in a wind tunnel. The wind speed was adjusted to the 

normal flying speed of the specimen which was supported by a fine steel wire 
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F I G U R E 37. D R A G O N F L Y I N F L I G H T : 1909 

Spark cinematography at 2,000 f.p.s. was employed by Bull to record this very fast phe-

nomenon, an explanation of which was possible only after these and other similar records 

had been carefully analyzed. They showed that the wing moved forward in a horizontal, 

and backward in a vertical, plane (bottom r i g h t ) . Note the transparent scale of length as 

well as the moving tines of the tuning fork to give a scale of length and time. The 

dragonfly was released from an electromagnetic pair of tweezers, to synchronize its flight 

with the first exposure in the camera ( bottom left ) . 

Courtesy of L. Bull ( 2 2 3 ) . 

at its thorax, and the beat frequency was found. A thin layer of white paint 
was applied to the wings to record their movements throughout the whole of 
their beat. Suspension, from a thin thread but in free flight, was used by Schaller 
( 1191 ) at the University of Frankfurt am Main in 1952, when he filmed at 68 
f.p.s. the behavior of the middle legs of Sisyphus schcefferi, one of the Scara-
bseidae beetles. He found that these legs were moved rapidly only shortly after 
the beginning of a flight, and that they were kept still during actual flight. 

To sum up then, high-speed cinematography has proved of great value in 
elucidating many of the complex patterns of animal locomotion. The subject 
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itself is perhaps no longer of such pressing practical importance as it was at the 

beginning of this century, but one might well suggest that insect flight in rela-

tion to air currents could be studied by means of cinematography and produce 

valuable data on the distribution of pests. It seems unlikely that all the lessons 

of nature have as yet been learned by man, and even if he has chosen to follow 

a different path in some ways, he may still be able to learn something from the 

^jet-propulsion" of the octopoda. 

Muscular Action 

An interesting project from a historical point of view was Francois-Franck's 
(441) investigation in 1904 in which he not only compared the effects of 
various anesthetics on muscular reflexes of dogs, but also recorded his results 

both graphically and cinematographically and evaluated the efficiency of these 

two techniques. Goss (533) , of Columbia University, recorded at 64 f.p.s. the 

spontaneous contractions of heart muscle cells, grown from the ventricles of rat 

embryos (see also p. 135) . Too fast for visual inspection, the projected films 

showed clearly the wavelike contraction that traveled from one end of the cell to 

the other, three times as slowly as the waves of relaxation. He (534) also 

studied the slow protoplasmic movements in a cardiac muscle during the periods 

of rest between contractions. For this purpose, he used time-lapse cinemi-

crography, at 12 frames per minute, and found alternating periods of rhythmic 

contractions and periods of rest. 

An investigation of nonstriated muscle was carried out at Western Reserve 

University by Ecker and Biskind (384) , who studied the effect of anaphylactic 

shock. The intestinal tracts of rabbits previously sensitized to horse serum were 

observed during the intravenous injection of a further dose of horse serum. 

Their abdominal cavities were opened, filled with petrolatum, illuminated and 

heated by a 15 amp carbon arc lamp during filming, and this allowed the re-

cording of the often violent peristalsic rushes which occurred. 

Working with striated muscles, Speidel (1268) , of the University of Vir-

ginia, used cinemicrography, 16 f.p.s. to 7.5 frames per minute, to record 

quantitatively the histological changes occurring in single fibers during con-

traction. His preparations were obtained from a large variety of animals, like 

insects, crabs, mice, and frogs, and all his results were recorded on film. For 

example, he recorded the traveling contraction in the muscle fiber of a frog tad-

pole and found its speed to be 0.07 mm/sec compared with 3,500 mm/sec, the 

normal contraction wave of an adult frog's muscle. Another investigation of 
striated muscles by means of cinemicrography was carried out at the Zoologi-

cal Institute of the University of Siena by D'Ancona (333) , who worked with 

fibers of Hydrophilus piceus and Dytiscus marginalis. 
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Feeding and Digestive Mechanisms 

To record cinematographically the various processes of feeding and digestion 

requires either a surgical operation to lay bare the intestines, or the use of X-ray 

cinematography and an opaque contrast meal (see p. 295) . Endoscopic cine-

matography (see p. 285) , a technique which has been found of great value in 

medical research (see p. 342) , has apparently not yet been applied in biological 

research. On the other hand, a surgical operation and the insertion of a trans-

parent window, in order to film digestive processes, would never be envisaged 

in a human patient. 

FEEDING 

Heinroth (594) , Director of the Berlin Aquarium, recorded in 1940 the 
exact feeding habits of a 7-m (21 -ft. ) long Python reticulatus. A number of 
interesting facts emerged from the film. A 2 5-pound piglet, undisturbed by the 
presence of the snake, was searching the ground for food, when the snake sud-
denly attacked and entwined the pig with its body. Death occurred by suffoca-
tion alone, and the intermittent embracing actions of the snake were clearly 
visible on the film. After about 10 minutes the snake released its hold and 
searched laboriously for the head of the pig, mistaking other extremities for it. 
The alternate hooking of the upper and lower jaw finally, after another 15 min-
utes, resulted in the complete swallowing of the food. Fisher and Lester (413) , 
in 1950, recorded cinematographically at the London Zoological Gardens the 
feeding habits of a number of reptiles and amphibia. 

An interesting investigation of vomiting was carried out by Hesse (605) 
at the University of Utrecht. A series of X-ray cinematographic records were 
taken, using Dessauer's method (see p. 298) , of a dog to whom a meat and 
bismuth mixture had been given. Equally interesting was the work of Traut-
mann (1355) at the Veterinary University of Hanover; he employed cinema-
tography to record his experiments on ruminants in 1936. These, carried out on 
a suckling goat, showed that the act of swallowing was essential to let the milk 
reach the after-stomachs and not the rumen. Small tubes, attached to the 
various stomachs, allowed the milk to flow out, and these were filmed. The 
feeding habits of quite a different animal, Hydra vulgaris, were filmed by Her-
ter (600) using cinemicrography. He demonstrated the sudden cessation of 
the heart beat of the animal being eaten, a daphina, when it was injected with 
the hydra's poison; he used time-lapse to record the swallowing and digestive 
processes. 

D I G E S T I O N 

Three different techniques exist for recording cinematographically intestinal 
peristalsis: complete excision, the feeding of a contrast medium for X-ray 
cinematography, and the insertion of a transparent window. Carvallo ( 248 ) has 
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apparently been the only one to employ the first method, although to judge from 
his excellent reproductions published in 1910, it appeared to be highly successful. 
The isolated tract was suspended vertically in a suitable aquarium filled with 
saline and recorded by time-lapse cinematography, frequency 1 f.p.s. His 
results confirmed his previous work on intestinal peristalsis, carried out by 
means of X-ray cinematography ( 247 ) on chicken, trout, frog, lizard, and mouse. 

X-ray cinematography is then the second method. The first example shows 

that it may not always even be necessary to employ a contrast medium, as Sher-

wood (1223) illustrated in the case of meal worms. A 35-mm Universal cam-

era, with its lens removed, was employed, and a small piece of red gelatin 

covered the gate and supported the worm. Illumination was provided by an 

X-ray tube, at 5 to 15 kv, and the metal shutter of the camera was found suffi-

cient to absorb the soft X-rays between exposures at 16 f.p.s. Equally ingenious 

was the method adopted by Gianturco and Alvarez (518) at the Mayo Clinic: 

Small bird-shot was inserted into the stomach wall of cats, and X-ray cinema-

tography was employed to record peristaltic movements; no harmful effects 

F I G U R E 38. R H Y T H M I C S E G M E N T A T I O N S O F T H E S M A L L I N T E S T I N E S O F A C A T 

F I L M E D T H R O U G H A C E L L U L O I D W I N D O W I N I T S A B D O M I N A L W A L L : 1931 

Read from right to left. 

Segmentation began at the oral points a 1 0, b 1 0, c 1 0, and d 1 0 on frames 1 , 2 , and 3, and 

these were numbered consecutively up to frames 17 and 18. There a stage of rest occurred 

and a new series of movements was again followed through by numbering them a.1̂  b1̂  

c 1 1, and d 1! up to the end. The direction of the arrows indicated the contraction as well 

as the relaxation of the muscles. 

Reproduced from T . Hukuhara ( 6 4 3 ) courtesy of Springer-Verlag, Germany. 
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of lead absorption or the formation of adhesions were noticed. Conventional 

methods of giving a contrast meal were employed by Wildegans (1457) , Aut-

rum ( 9 3 ) , and Janker (664) , using cats and rabbits; camera frequencies from 

16 f.p.s. to 30 frames per minute were employed. 

On the other hand, a celluloid window, 7 X 5 cm and 0.3 mm thick was 

used by Hukuhara (643) of the University of Niigata, Japan. It was let into 

the abdominal wall of cats, dogs, rabbits and guinea pigs to study their intes-

tinal movements. Thirty-three per cent of his operations were successful and 

allowed observation. A Zeiss Kinamo 35-mm camera was used with extension 

tubes and excellent films resulted of the ileum and jejunum taken at about 6 

f.p.s. (see Fig. 38) . The inclusion of a stopwatch in the field of the camera 

allowed Hukuhara to make accurate time measurement of the frequencies of 

peristalsis, rhythmic segmentation, and the swinging pendulum movements. 

Sollman (1256) excised rabbit's intestines and recorded their peristalsic move-

ments by means of cinematography. Verzar and Kokas (1391) , at the Univer-

sity of Debrecen in Hungary, went a step further and recorded cinematographi-

cally the villi of a living animal. The abdominal cavity of a deeply anesthetized 

dog was opened, a section of the small intestines withdrawn, opened longi-

tudinally, flattened out and fixed to a board. Cinemicrographic observations were 

then possible which showed, inter alia, that the movement of the villi was con-

ditioned on the one hand by local stimuli from the passing food and on the other 

by hormonal substances generated in the whole intestines. , 

EXCRETION 

A number of interesting cinematographic techniques have been employed 
in this field, as for example by Friedrich-Freksa (469) , who used high-speed 
cinemicrography to measure quantitatively the flow of blood through the 
glomerulus of a kidney. For this purpose, the kidney of a toad, Bufo vulgaris, 

was surgically laid bare; one glomerulus was brought under the microscope 
objective and illuminated by transmitted light. He found that during one hour 
the glomerulus would receive 2.4 cu mm of blood and produce 0.6 cu mm of 
urine. The same cinemicrographic technique was used by Reisinger (1137) at 
the University of Cologne on the protonephridia of certain tubellaria, and on 
the metanephridia of an earth worm in order to study the hydromotor activity 
of the flame cells; in the resulting film it could clearly be seen that the wave-
like motion of the cilia occurred only in one plane. Normal cinematographic 
recording was employed by Krzywanek (750) at the University of Berlin to 
investigate the urinary excretions in the rabbit; the urine was colored by a 
subcutaneous injection of indigo carmine. After opening the abdominal cavity 
and removing some of the intestines, the peristalsic movements of the ureters 
could be observed and recorded. 



BIOLOGY 131 

To sum up then, it can be said that most of the available cinematographic 

techniques have been brought to bear in this field. In spite of this, however, 

few investigators have employed their research films to the fullest advantage 

and have obtained quantitative information from them. It would indeed be 

easy to do so by means of frame-analysis (see p. 81 ) , and such quantitative 

data would be particularly helpful in any investigations on the effects of, and 

comparisons between, different pharmaceurical agents prior to human use (see 

p. 322) . 

Respiration 

In biological research work on respiration it is possible to lay bare the 

trachea and the lungs and to record them directly; the technique of X-ray 

cinematography is also available and has been employed with equal success in 

the medical (see p. 351) and the biological field. The classic work in this field 

was carried out by François-Franck (442) , who in Paris, at the beginning of 

this century, filmed the intercostal muscles of dogs, and the respiratory move-

ments of the carp (443) and an octopus (444) by coloring the water. In 

studying frogs (445) , he inserted pointers into the nostrils and the tympanic 

cavities and thus obtained, as in all his other experiments, excellent quantitative 

results. 

In the use of X-ray cinematography, Janker 's (669) work is outstanding 

(see p. 296) . In the field of respiration he has worked mostly with cats, and 

in one of these experiments, he (677) carried out a tracheotomy and then intro-

duced the contrast medium, a mixture of bismuth and oil, into the upper part 

of the trachea (see Fig. 39) . The collaboration between Janker and Franklin 

(453) of the University of Oxford began in 1933. The indirect method of 

X-ray cinematography was employed, and a solution of 50% sodium iodide was 

injected as a contrast medium into the femoral or the external jugular vein of 

cats, rabbits, and dogs, with the object of studying the effect of inspiration on 

the inferior vena cava. Another interesting research project, investigated by 

Janker and Franklin, in addition to other respiratory studies, was concerned with 

the act of coughing. Powdered lead glass was insufflated into the lower lobe of 

the left lung of a cat, and its behavior was recorded by X-ray cinematography. 

Hourly records were made at about 17 f.p.s., and from the resulting films the 

volumetric changes of the main bronchus could be calculated during coughing. 

Further experimental studies, which were mainly concerned with the lateral dis-

placement of the heart when air pressure was artificially increased in one side of 

the thorax, were filmed by Janker ( 666 ) . 

Interesting work on a different aspect of respiration was carried out in 

the United States by Sollmann and Gilbert (1257) at Western Reserve Univer-

sity. The movements of the cilia and rhythmic bronchiolar contractions in lung 
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F I G U R E 39. X - R A Y C I N E M A T O G R A P H Y O F T H E B R O N C H I O F A C A T : 1932 

Read from left to right. 

After injection of the contrast medium of bismuth and oil, the various stages of inhala-

tion were recorded while the animal was slowly rotated. 

Courtesy of R. Janker, University of Bonn, Germany. 

sections could be observed and recorded and the effect of various drugs on them 

analyzed. Their research work was so important because it fulfilled one of the 

basic functions of physiological research with experimental animals: to test 

drugs and pharmaceuticals before they are pronounced safe for human admin-

istration. Whatever physiological function is to be influenced by the new drug 

—intestinal peristalsis, muscular contractions, or respiratory activity—if it can 

be cinematographically recorded, it lends itself to quantitative determination by 

frame-analysis; the normal rate of functioning can be compared with the 

amount of any deviation caused by the new drug. This suggestion will be 

further discussed below (see p. 322) . 

Circulation and the Heart 

Cinematography has proved of particular value in this field of physiology, 

since in addition to furnishing an accurate time base for the event, it has pro-

vided an excellent method for the permanent recording of the experiment itself. 
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By taking records at frequencies above the normal, even with X-ray illumination, 
the well-known slow-motion effect can be employed for the analysis of cardiac 
phenomena, too rapid for ordinary investigation. 

From a historical point of view, a number of important papers can be 
quoted. In 1892, four years after the first description of his camera, Marey 
(901) published an account of his cinematographic studies of the heart action 
of a tortoise, using defibrinated blood. Other early experimental studies of 
heart action, particularly the apex beat, by means of cinematography, were car-
ried out by Braun (186) working in Vienna in 1897, by Reichardt (1135) in 
Berlin in 1911, and by Heffter and Rumpf (1176) . Heffter studied the influ-
ence of such poisons as quinine, nicotine, and chloroform on the circulation of 
the frog. François-Franck's (439) work in Paris began in 1902 with a cinema-
tographic verification on dogs of the theory of systolic murmers, established 
by Potain for man; it was followed by cinematographic records of the heart 
action of fishes (446) , and an investigation of vasodilation of the coronary 
arteries and arteries of the brains in dogs (440) . In the United States, investi-
gators at the Michigan Sanitorium (945) reported in 1916 their experiments 
with therapeutical chemicals by means of cinemicrography of blood circulation 
in the frog's foot, and Krogh and Rehberg ( 748 ) carried out similar work on the 
nictitating membranes and the tongue of frogs at the University of Copenhagen 
in 1924. Tacheuchi's (1323) work at the University of Cambridge in 1925 
should also be mentioned here; he filmed hearts during various stages of 
anoxemia. Lemmel, Löwenstädt, and Schössler (798) used time-lapse cine-
micrography in 1926 to record chick heart fibroblasts for periods up to seven 
hours. Only few of the present techniques were foreshadowed by these early 
pioneers. 

T E C H N I Q U E S 

Two main cinematographic techniques are available for circulation studies 
in the zoological field: after thoracic surgery a direct recording of the living 
heart can be made, or cinematographic records can be obtained by using suit-
able contrast media and illuminating the heart by means of X-rays. The direct 
filming of the living heart presupposes a heart-lung preparation, with the at-
tendant major surgical interference. Deep anesthesia, artificial respiration, and 
suspension of the heart in an appropriate pericardial cradle all contribute to 
the presentation of a picture which may well differ in fundamental aspects from 
the normal. From a cinematographic point of view, the results that can be 
obtained are of greater accuracy and clearness than those resulting from X-ray 
cinematography. High-speed cinematography can easily be used for the exposed 
heart. 

X-ray cinematography, on the other hand, has the great advantage that inter-
ference with the normal state is kept to a minimum. Cinematographically, the 
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technique is far more difficult, requiring special lenses, other complicated equip-

ment, and lengthy experience. The X-ray shadowgraphs can not compete in 

clarity, at present, with the direct film record, and identification of the finer 

details of the heart presents some difficulty. X-ray intensities are normally not 

sufficient to allow for high-speed cinematography, Böhme (170) (see below) 

alone having achieved it. It will be seen that two fundamentally different types 

of pictures are produced by these two methods: the direct record will yield an 

external view, while X-ray cinematography can only present a shadow cast by 

the contrast medium on the inside of the vessels; a combination of the two 

should lead to valuable new knowledge of the structure of the vessels themselves. 

D I R E C T CINEMATOGRAPHY AT N O R M A L FREQUENCY 

In the nonmammalian field, cinemicrography will often be required, or 

sometimes the use of lens extension tubes will be sufficient. For large scale 

routine work, Lutembacher's (857) stand may be found useful (see p. 91 ) . 

Stereoscopic cinematography has been employed by Frank (451) on a frog 

heart preparation, using a beam-splitting device with two objectives and four 

mirrors; this was demonstrated at Munich and Edinburgh in 1923. In the 

mammalian field different considerations apply, since the heart will have to be 

kept relatively steady, and since its complicated structure often demands the 

identification of individual areas. The rapid action of the heart valves has re-

quired the use of high-speed cinematography, which will be reviewed later. 

Nonmammalian Circulation 

In this field cinemicrography has allowed detailed recording of various 
circulation experiments; since many were difficult to perform and to repeat, 
loop-projection of a single film could lead to full evaluation of the complex 
picture, and by means of frame-analysis new quantitative data could be secured. 
Extremely interesting experiments on cerebral circulation in the frog were 
carried out by Howe (634) by means of this technique, using a small trephine 
opening for direct exposure of the cortex. The pia arachnoid was left intact, 
and various chemical, electrical, and thermal stimuli were applied, as well as 
intravenous injections. It was found that sedatives of the barbital group, amyl 
nitrate, hypertonic dextrose, and caffein sodium benzoate, all produced different 
reactions on cerebral circulation. Other workers in this field using amphibians 
were Davies and Francis (339) of the University of Sheffield, who filmed the 
rhythm of the heart beat in salamanders, and Lutembacher (855 ) , who recorded 
the contractile wave in the ventricle of a frog's heart. Foxon's (435) work 
with X-ray cinematography, on the selective distribution of blood in the heart 
of Rana temporaria (see below), was repeated with normal cinematographic 
techniques by Simons and Michaelis (1231) at the University of Sydney, using 
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Hyla cœrulea. A solution of fluorescein was injected into the anterior abdominal 

vein, and the exposed heart was illuminated with ultraviolet light. The circula-

tion could then be recorded directly at normal frequency, and, using Koda-

chrome, the yellow blood vessels were clearly contrasted with an intentionally 

underexposed blue background. A selective distribution of the blood was ob-

served in two out of eight records, thus suggesting lines for further investigations. 

The most extensive contribution to the field of nonmammalian circulation 

by means of cinematographic techniques came from v. Skramlik, working at 

the University of Jena. Particularly in the invertebrates, considerable experi-

mental difficulties had to be overcome in filming their circulation. Typical, 

perhaps, was the problem of the leech Herpobdella octobulata (1242) , which 

was very sensitive to light. Von Skramlik solved the problem, however, by 

cooling them to 4°C , and then letting the heat from the microscope lamp warm 

the microaquarium slowly. The circulation of molluscs was also investigated 

and filmed, using Heltons tuberculata (1236) , Ciona intestinalis, and Ascidia 

mentula (1240) as specimens. In the chordate Amphioxus lanceolatus (1239) 

the experimental difficulty was to find a specimen which was sufficiently trans-

parent and yet not too lively for cinemicrography. Amongst fish, v. Skramlik 

investigated and filmed the action of the pacemakers before and after the appli-

cation of Stannius' ligatures in the eel, Anguilla vulgaris, and in the pike, Esox 

lucius (1238) . His (1237) work on the frog's heart was no less thorough and 

concerned the three pacemakers, beating sections of the sinus venosus and the 

atrium (1234) , and small isolated sections of the vena cava superior sinistra 

(1235) . In many experiments Stannius' ligatures were employed and quantita-

tive data obtained on the beating frequencies. 

Cinematographic investigations of the beating chick embryo heart have 

also been found extremely valuable and were carried out by Patten and Cramer 

(1042) in the United States, by Canti and Murray (987) in England, and by 

Lueg and Höfer (850) in Germany. The American investigators were particu-

larly interested in the early development of the heart and its first circulatory 

movements; the dominance of the sinus venosus region could be established 

from their films (1043) . The English research work was concerned with indivi-

dual sections of the heart, their autonomous frequencies, their uncoordinated 

contractions, and microfibrillations. Electrocardiography was used in combina-

tion with cinemicrography by the German biologists. 

Mammalian Circulation 

The cinematographic techniques in this field are easier on account of the 

greater size of the heart and the vessels, but the biological requirements have 

not been equally easy to solve. A pericardial cradle to keep the heart steady 

will prove very helpful, and this surgical expedient was apparently first used by 
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Strughold (1315) and by Wiggers (1456) , both working at Western Reserve 

University, Cleveland, Ohio, in 1930. Various methods were also tried to locate 

specific areas upon the heart's surfaces, and Wiggers found the reflections from 

the lamp filaments on the glistening surface of the epicardium most suitable to 

bring out the characteristic movements. Equally interesting from the point of 

view of techniques was the tracing from their films of the outlines of the heart 

surface and the determination of the areas with a planimeter. Using a standard 

formula, they could then calculate the relevant changes in volume and were thus 

able to investigate different frequencies of heart beat and variations in the per-

formance of the heart during anoxemia. 

A number of other experimental investigations have been made in which 

direct cinematography of the exposed mammalian heart was employed. Martin 

(908) , for example, induced an artificial embolism in a dog, and Franklin 

(452) recorded the spiral movements of the exposed mammalian heart at nor-

mal and high frequencies at the Nuffield Medical Research Institute at Oxford. 

The cinematographic recording of the action of the cardiac valve mechanism 

in vivo has been beset with extreme difficulties. Von Skramlik (1241) was 

able to record in vitro, however, the valve action of an ox heart by using Gad's 

(497) technique for intracardial illumination. Its disadvantage of showing the 

action of only one valve at a time was overcome by filming both valves separ-

ately and then combining them side by side by double printing on the film. 

Goss (535) at the University of Alabama used cinemicrography in his work 
on the physiology of the rat-embryo heart before circulation had begun. Whole 
embryonic vesicles were explanted in tissue culture, and 48 complete cinemicro-
graphic records were made. Webb and Nicoll (1426) of the University of 
Indiana, recorded in 1948 various aspects of subcutaneous blood circulation in 
the bat, also using cinemicrography throughout. Active vasomotion in arterioles 
was filmed, showing the action of vitally-dyed spiral smooth muscles, rhythmic 
contractions of the veins, action of precapillary sphincters, and differentiation of 
endothelial cells. 

D I R E C T H IGH-SPEED CINEMATOGRAPHY 

There is one change in the experimental conditions required by this tech-

nique compared with direct cinematographic recording at normal frequency. 

The use of higher levels of illumination is obligatory, and full precautions must 

be taken against burning the exposed tissues (see p. 9 0 ) . This difficulty is 

fortunately absent in the case of invertebrates mounted in a liquid medium, but 

Storch (1301) is apparently the only one who has employed high-speed cine-

micrography in this field. He filmed the heart action of the daphnia, Holope-

dium gibberum, at 170 f.p.s. Lutembacher (856) investigated amphibian 

hearts with a Noguès camera at 265 f.p.s. and with electrocardiography. 
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Potter and McDonald ( 1094), at St. Bartholomew's Hospital, London, meas-

ured in 1950 the velocity of arterial blood flow, with the aid of high-speed 

cinematography at 1,500 f.p.s. The basilar artery of a rabbit, diameter 1 mm, 

was chosen for the experiment and was illuminated with a 500-watt high-pres-

sure mercury vapor lamp through a heat-absorbing glass filter. Extension tubes 

were used on the Kodak high-speed camera, so that the object-image ratio was 

3:4; the maximum velocity of 35 to 40 cm/sec was reached after a short period 

of acceleration lasting for 15 to 20 milliseconds. Schuler et al. (1206) used 

high-speed cinematography in 1942 to analyze the beating of the dog's heart but 

unfortunately gave no details of their cinematographic technique. Prinzmetal 

(1102) employed in 1950 a standard recording technique with a Fastax 16-mm 

camera at 2,000 f.p.s. and an illumination of 12 photoflood lamps to study the 

atria of normal hearts in dogs. It became possible to see for the first time the 

atrial contraction wave, and it could also be shown that atrial fibrillations were a 

chaotic heterorhythmic disturbance and that circus movements were absent. 

Atrial flutter and tachycardia were also filmed. In a subsquent investigation, 

in collaboration with Fields (409) at the University of California in 1952, he 

used high-speed cinematography at 2,000 f.p.s. with color film in conjunction 

with electrocardiography, writing speed 125 mm per second. Two-thirds of the 

frame of the motion picture was utilized for the image of the heart, while the 

remainder was occupied by the image of the direct-writing ECG. 

This then brings us to the interesting cinematographic problem of record-

ing the cardiac valve mechanism in vivo, for which high-speed cinematography 

is essential. Although X-ray cinematography has not proved useful for a study 

of these actions, as Benner et al. (135) found (see below), one might perhaps 

consider for just a moment another interesting possibility with this technique, 

either at normal or at high frequencies. The selective absorption of a contrast 

medium by the valves themselves might produce with X-ray cinematography a 

picture not unlike that obtained by Odqvist (1018) , who was able to film in a 

human patient the action of a calcified mitral ring (see p. 356) ; it might even 

prove possible to induce this pathological condition experimentally in animals. 

A second method that suggests itself is the introduction of a suitable endoscope 

through the cardiac wall, and the direct cinematography of the valve in vivo: 

for this purpose Brubaker's (202) endoscopic cine camera with its proximal 

illumination would be highly suitable (see p. 288) . Kantrowitz, Hurwitt, and 

Kantrowitz (707) of the Montefiore Hospital, New York, recorded in 1951 

the movements of the mitral valve in a dog's heart through atrial and ventricu-

lar openings by means of high-speed cinematography at 64 f.p.s. An artificial 

heart, consisting of a glass receptacle to take the place of the left atrium and a 

roller type pump as substitute for the left ventricle, allowed close observation 

and recording of the mitral valve area. The role of the mitral sphincter, the 
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method of closure of the valves and the action of the chordae tendineae could 
be filmed; the record confirmed the accepted views. The great advantages of 
high-speed cinematography in the field of mammalian circulation have as yet 
hardly been exploited. 

X - R A Y CINEMATOGRAPHY AT N O R M A L FREQUENCY 

The detailed requirements of X-ray cinematographic techniques are fully 
considered in another chapter (see p. 295) . In their application to biological 
research there is less danger in the choice of the contrast medium and less strict 
limitation of the intensity of X-rays that may be used, than with human subjects. 

Two different types of media exist; one is colloidal and rapidly disperses 
and mixes with the blood, thereby causing all blood in the field to be of uni-
form contrast; the other is immiscible, retains its discrete droplet shape, and is 
carried by the blood stream throughout the whole body in this form, thereby 
allowing analysis of the velocity of the circulating blood. A number of pro-
prietary media have been employed to fulfil these two conditions. 

A basic difference between human and animal X-ray cinematography is the 
maximum dosage of radiation that may be given. The fundamental difficulty 
in indirect X-ray cinematography, i.e., in filming the fluorescent screen, is the 
provision of sufficient illumination to obtain a well-exposed image on the cine-
matograph film. In animal work, however, higher working levels of the tube 
may be permitted than on human subjects. Apparently only Foxon (435) at 
Guy's Hospital, London, has employed this technique in the nonmammalian 
field. Using direct X-ray cinematography, 3 f.p.s., and Thorotrast as contrast 
medium, he found that there was no basis for the classic explanation of circula-
tion and that at systole a mixing of the two streams took place at the base of 
the conus. Simons and Michaelis' (1231) work on the same subject with direct 
cinematography has already been mentioned above. 

Most of the experimental work in this field has been carried out on mam-
mals, and Naegeli and Janker (994) in 1931 were among the first to employ 
X-ray cinematography for the study of the circulation in such animals. Sodium 
iodide was one of the contrast media used and was injected directly into the 
heart; the effect of carbon dioxide poisoning was studied. In conjunction with 
Jacobi and Schmitz, Janker (659) carried out another interesting investigation 
in the same year. Experimental aortic stenosis was induced in rabbits; this led 
after 4 weeks to an increase in area of the heart shadow, which could be ex-
pressed in quantitative terms. A systematic investigation of electrocution was 
carried out by Pietrusky and Janker (1068) in 1937, using indirect X-ray cine-
matography and Thorotrast as contrast medium in cats. An electric current of 
240 v, 0.5 amp, and 50 cycles was used for various periods of time, and cardiac 
and respiratory movements during death were studied on a number of cats. 
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A simple method for indicating specific heart areas was used by Westermark 
( 1 4 4 4 ) at the St. Gorans Hospital, Stockholm, with his indirect X-ray cine-
matographic investigations of cardiac movements in sheep. Five small drawing 
pins, head and length 3 mm, were fixed to the myocardium of the left ventricular 
wall, and after the pericardium and chest wall were closed, complete recovery 
without any complications occurred. In another series of experiments, Thorotrast 
was injected into the vena cava superior, and the movement of the blood gave 
quantitative data on the maximum circulation rate in the pulmonary artery. 
Westermark also thought he had established that the mitral and tricuspid valves 
did not open immediately after the relaxation of the ventricles, a conclusion 
which was not accepted by Benner, Kjellberg, and Sjöstrand ( 1 3 5 ) of the Karo-
linska Sjukhuset, Stockholm. They repeated the work and concluded that it was 
not possible to determine the moment of opening and closing of the valves by 
means of X-ray cinematography alone. 

Perhaps typical of the modern trend in heart studies is the work of Rush-
mer, in collaboration with Thai ( 1 1 8 2 ) and with Crystal ( 1 1 7 9 ) . Indirect 
X-ray cinematography was used at frequencies of 1 5 and 3 0 f.p.s., and the blood 
flow was shown up by the injection of Diotrast into the jugular vein of anethe-
tized dogs. Careful frame-analysis was carried out on the finished films by 
using the "counter-offset" method of printing (see p. 3 1 5 ) . The changes in 
size and shape of the right and left ventricular chambers could thus be analyzed. 

The classic research on fetal circulation by Barclay, Franklin, and Prichard 
( 1 0 5 ) was carried out by means of direct, 3 f.p.s., and indirect, 2 5 f.p.s., X-ray 
cinematography at Oxford University. A full investigation was made of the 
fetal circulation in the sheep, Ovis aries; for this purpose, the fetus was deliv-
ered by a Caesarian operation, with the umbilical cord left intact and fetal respi-
ration prevented by means of a "nose bag" filled with amniotic fluid. Injections 
of the contrast media Perabrodil and Lipiodol were made into the maternal 
umbilical veins. With these methods, Barclay, Franklin, and Prichard were 
able to record and frame-analyze with great accuracy the anatomical and physio-
logical details of the cardiovascular system (see Fig. 4 0 ) and the circulation 
through the liver of the fetus. These research films have been preserved in 
London ( 1 0 3 ) . Prichard, in collaboration with Andran et al. ( 1 7 ) , has re-
cently continued by means of X-ray cinematography her investigations on 
hemodynamic changes in fetal lambs. 

H IGH-SPEED X - R A Y CINEMATOGRAPHY 

Great as are the difficulties of normal X-ray cinematography, they are mul-
tiplied still further when high-speed cinematography is combined with illumi-
nation from X-ray tubes. Much credit must therefore go to Böhme ( 1 7 0 ) , 

who, working at the Universities of Rostock and Berlin, has apparently reached 
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F I G U R E 40. X - R A Y C I N E M A T O G R A P H Y O F B L O O D F L O W I N F E T A L L A M B : 1944 

A sheep fetus ( 1 3 5 / 1 4 7 days) with nosebag on and cord undivided, was recorded at a 

frequency of 3 f.p.s. The contrast medium was injected into one of the umbilical veins; 

the posterior caval blood, coming from the placenta, can be seen to flow through the heart 

and the great vessels. The frames are consecutive and represent a total duration of 3 

seconds. Recorded by the direct method of X - r a y cinematography. 

Reproduced from A. E. Barclay, K . J . Franklin and M. M. L . Prichard ( 1 0 5 ) , courtesy of 

Blackwell, Oxford. 

the highest camera frequency in X-ray cinematography yet reported in the litera-
ture, 209 f.p.s. Standard X-ray equipment and a special Askania high-speed, 
35-mm camera, capable of 300 f.p.s., were employed; Böhme succeeded in 
reaching 209 f.p.s. because he employed specially sensitized Agfa film together 
with a rapid developer which was alkaline-free. He used a normal cat for his 
experiments and filmed its thorax for 1.5 seconds, finding on projection that the 
heart beat appeared almost too slow, although his data were very suitable for 
frame-analysis. At a frequency of about 60 f.p.s. Böhme (168, 173) was able 
to study in detail the volume changes of the ventricle and the atrium of the 
heart of a bird. His method was particularly useful for the demonstration of 
the effects of Valsalva's experiment (171) , where an artificial excess air pres-
sure in the trachea led to lowering of the diaphragm and compression of the 
whole heart. The reverse, Müller's experiment (169) , where a vacuum is pro-
duced in the bronchi, could also be analyzed, and the subsequent enlargement of 
the heart recorded. For his arterial studies, Böhme (172) introduced the Jodi-
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pin droplets into the right carotid artery or into a vein of the lung. The move-

ments of the blood during circulation could then be followed easily. 

Timm (1345) used Bohme's equipment in 1944 at a frequency of 95 f.p.s. 

to investigate the hemodynamic aspects of arterial flow. For this purpose a 

catheter was inserted directly into the left atrium of the heart of dogs and cats, 

and Thorotrast was injected under a pressure of 200 mm Hg. Westermark 

(1445) , at the St. Gorans Hospital, Stockholm, also made use of indirect X-ray 

cinematography at 64 f.p.s. to investigate the details of blood circulation in the 

heart of rabbits. Among other conclusions, Westermark stated that he found 

a rapid inflow of blood into the ventricles during presystole, and not, as was 

generally presumed, at the beginning of diastole. 

To sum up then, what benefit have the various cinematographic techniques 

brought to circulation and heart studies? They have all recorded difficult and 

often costly experiments, and by means of loop projection have allowed repeated 

evaluation; when frame-analysis was employed, and the flow of blood suitably 

marked, quantitative data have resulted. High-speed cinematography has proved 

of very great value in recent work in the investigation of cardiac phenomena, 

and in this connection similar work on hearts of human cadavers (see p. 355 ) is 

now beginning. For the first time, camera frequencies of 2,000 f.p.s. have 

demonstrated directly details that had hitherto only been obtained by indirect 

evidence. Quantitative results should be aimed at in all future work and used 

as a basis for the testing of new cardiac drugs, following Howe's pioneering 

work in this field (see above). Very valuable also would be investigations of 

fetal circulation, following the example of Barclay, Franklin, and Prichard, on 

other mammals for comparative purposes. 

Nervous System and Sense Organs 

The tissue culture of nerve fibers is still more difficult than that of such 

other explants as bone or heart tissue, and nerve cells are far more sensitive to 

the exact composition of the medium than other cells. The cinematographic 

recording of growing nerve tissue cultures in time-lapse differs in no way from 

that of other expiants, nor does the filming of growing nerves in vivo present 

any cinemicrographic problems. Physiological experiments dealing with the 

sense organs, in which cinematography has been employed, are reviewed below, 

but a separate chapter has been devoted to those dealing with Animal Behavior, 

(see p. 151). 

NERVES 

Wherever the biological conditions of an experiment are difficult, cinema-

tography will be of great value in its analysis. The research film of a single 

successful experiment allows extensive quantitative and qualitative evaluation, 
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far beyond the memory of any observer. This advantage of scientific cinema-

tography is well illustrated in the study of nerve cells. Apparently the first to 

realize this was Huzella (651) , who used in 1937 a combination of reflected 

and transmitted light to give an almost plastic appearance to his growing nerve 

cells, no other details of technique were mentioned. The appearance of branch-

ing in growing fibers was noted, but apparently Huzella did not submit his 

films to frame-analysis in order to measure their rate of growth. Pomerat and 

Lefeber (1088) , at the University of Texas, succeeded in 1951 in making phase 

contrast cinemicrographic records of cells believed to represent neurological 

elements in a tissue culture preparation of the cat's brain. In another experi-

ment (1087) the rhythmic pulsating activity of the oligodentroglial cells from 

the corpus callosum of the rat and cat were investigated by the use of the same 

technique, and in collaboration with Lumsden (852) normal olygodentrocytes 

were filmed in tissue culture (see also p. 366) . 

The growth of nerve tissues in vivo was investigated by Speidel (1266, 

1267), at the University of Virginia; time-lapse cinemicrography was used for 

recording and analysis of his results. His biological techniques consisted in 

removing the tip of the tail of a young tadpole and studying the regeneration 

F I G U R E 4 1 . F O R M A T I O N O F M Y E L I N S H E A T H : 1 9 3 5 

The addition of three myelin sheath segments along a nerve fiber was cinemicrographi-

cally recorded in a rapidly growing tadpole over a five-day period. On the first day the 

nerve consisted of unmyelinated fiber—the black l ine—and myelinated fiber—the dotted 

area on the right. Note on the second day the dividing cell on the extreme left, on the 

fourth day the alignment of cells, and on the sixth day the deposition of the three new 

myelin segments. (The myelin sheath is a fatty covering which insulates and protects the 

nerve substance; for its formation both nerve fibers and sheath cells are essential.) 

Courtesy of C . C . Speidel ( 1 2 6 9 ) . 
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of nerve cells. The ameboid motion of the growth cones, the blocking of their 

advance by connective tissue cells, the regeneration of the vagus nerve in the 

tail, the movement of sheath cells towards the epithelium, as well as the divi-

sion of such a cell and the ensuing motions of the two daughter cells, could all 

be recorded cinemicrographically (see Fig. 4 1 ) . An entirely different aspect 

of the nervous system was investigated and filmed by Autrum ( 9 4 ) , who pro-

duced the clinical symptoms of beriberi, an endemic form of polyneuritis, in 

pigeons by feeding them unpolished rice. 

S E N S E ORGANS 

Few physiological experiments on the sense organs have been performed 

in which cinematography was employed as a recording and measuring instru-

ment. A good example of the type of work that could be done was an investiga-

tion of experimentally produced protrusion of the eyeball, carried out by Labbé, 

Villaret, Comandon, et al. (771) . Ephedrine was employed to produce exoph-

thalmy in dogs to whom doses of chloral hydrate and thyroxine had been admin-

istered; conversely, a rapid regression of the eyeball could be recorded when 

other drugs were given. Cinematography was found to act as a quantitative 

measure of the degree of exophthalmy and to be far superior to either graphic 

or photographic methods of recording. Examples of the use of cinematography 

in ophthalmology are discussed in the chapter on Medicine. 

The following experiments, concerning the ear, may well be considered to 

lie on the borderline between physiology and animal behavior. Because of dif-

ficulties in performing or repeating them, a single research film has allowed a 

thorough analysis. Trendelenburg (1359) removed operatively the labyrinth 

of frogs, pigeons, cats, and rabbits and tested their subsequent movements with 

regard to equilibrium. Cinematographic records were made in each case and 

greatly facilitated the evaluation. Similarly, Autrum (96) removed the stato-

cysts of a decapod crab and filmed its subsequent movements. Loop-projection 

and frame-analysis especially should be of immense benefit for a quantitative 

evaluation, thus allowing comparisons of movements which would be difficult 

to achieve in any other way. This point is again made and elaborated in the 

chapter on Animal Behavior. 

Botany 

The classic and best-known examples of time-lapse cinematography show 
the rapid flowering of a blossom or the visible growth of young plants. Their 
frequent demonstration in documentary and teaching films might lead to the 
assumption that time-lapse cinematography has now become a standard research 
instrument in botany, but this is not so, in spite of its many advantages. The 
cine camera provides an exact instrument for measuring time intervals and pro-
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vides simultaneous records of the experiment against any desired scale of length. 
It furnishes, thereby, a precise method for comparative research. In contrast to 
what occurs in studies of animal movements and growth, the botanist can place 
and arrange his experimental material in a fixed position, so that it can be under 
permanent observation by a time-lapse cine camera, which will plot for him 
automatically a graph of growth against a time scale . 

The techniques of time-lapse cinematography are not beyond the resources 

of any botanical research laboratory. The immobilization of the plant and the 

illumination may present some novel problems, which must be discussed here. 

The plant cannot be allowed to grow under completely normal outdoor condi-

tions since the movements of the leaves and stem by wind or rain would dis-

tort time-lapse records. Furthermore, sunlight is not suitable as a method of 

illumination, since it is diurnal and of variable intensity; it must therefore be 

excluded or rendered negligible. In order to avoid any extraneous movements 

of leaves, the experiment must be carried out in a glass-enclosed space. The 

classic solution for furnishing a standard and repeatable level of illumination 

for time-lapse cinematography under these conditions was to provide blinds and 

shutters, to exclude sunlight, to turn on electric illumination, to expose the sin-

gle frame, and again to open the blinds. Elaborate equipment was obviously 

required to perform all these heavy mechanical operations completely reliably 

and automatically over periods of weeks. The obvious solution, electronic flash 

gear synchronized with the camera shutter, was apparently first employed by 

Schladerbusch (1196) in 1953. With flashlights sufficiently powerful in com-

parison with sunlight it should be perfectly possible to discard any shutters for 

the ceiling of the greenhouse, and to rely completely on the electronic flash for 

standard illumination. For certain types of botanical research it may be desir-

able to study and to film plant growth under abnormal conditions, such as in 

darkness or under the influence of a specific wave length of the spectrum. If 

darkness is desirable, either infrared illumination can be employed (see p. 91 ) , 

or it might prove possible to employ electronic flash light again, since its very 

short duration may not be long enough to affect the experimental conditions. 

P L A N T GROWTH AND TROPISMS 

The first application of time-lapse cinematography to botanical or for that 

matter to any other scientific research was carried out by Pfeffer ( 1062 ) in 1900. 

His original research films have been preserved and were re-edited in 1940 by 

Bachman ( 9 7 ) , Pfeffers successor in the chair at the University of Leipzig. 

These historic films are still available. In the original research work time-lapse 

frequencies from 3 frames per minute to 20 per day were employed and nega-

tive geotropism of Impatiens glandilugera, root growth of Vicia Faba and the 

nyctinastic movements of Mimosa speggazzinii and Desmodium gyrans were 



BIOLOGY 145 

investigated and filmed. A number of other early examples can be mentioned; 

for example, Athanasiu (83) recorded the flowering of Volublis at the Institut 

Marey in 1905. Perhaps the United States Department of Agriculture (19) 

used their time-lapse cinematographic equipment described in 1927 for research 

purposes as well as for recording plant growth. Also Nuernberge and du 

Buy (1014) , at the University of Utrecht, and Hubert (635) have employed 

time-lapse cinematography to study and record the growth and tropistic move-

ment of plants. 

The only recent application of this technique was by Tornau (1353) and 

Schladerbusch (1196) at the University of Göttingen, the first describing the 

results, the second the techniques in 1953. The growth records of two bean 

seedlings were kept by means of time-lapse cinematography. They were grown 

in aqueous culture, and iron was removed from one culture. Frame-analysis of 

the film and the resulting graphs showed that nine days before any visible wilt-

ing of the leaves of that culture occurred, growth had practically ceased. A 

suitable field for the application of time-lapse cinematography for research 

measurements might appear to be plant hormone studies. The present record-

ing technique uses mostly shadowgraphs of the experimental plants. Cinema-

tography, particularly if combined with time-lapse, might well lead to a refine-

ment of the measuring techniques. Instead of observing only the end product 

of a given experiment, as is done at present, all the intermediate behavior and 

reactions to the hormones could become accessible to accurate measurement. 

The first and apparently only use of this technique occurred in 1941 when 

Kabiersch (704) , then working at one of the biological Kaiser-Wilhelm Insti-

tutes in Berlin, recorded the reactions to auxin of various coleoptiles. His film 

merely demonstrated the classic experiments. 

The advantages of cinematography over manual daily measurements by 

means of calipers or rulers are numerous. To start with, the cine camera will 

perform the measurements automatically and produce a permanent record of 

the amount of growth at any desired time interval. Manually, it may only be 

possible to measure one or two major dimensions, such as length of stem or 

length of leaves; if the growing plant has been filmed against a square grid, 

any number of measurements become possible, for example, small angles, dis-

tances between all leaves and branches and also the amount and complexity of 

root growth. The full evaluation of the completed film, by frame-analysis, will 

yield a far greater number of quantitative data than would be possible manually; 

refined measuring techniques have in the past often led to new knowledge. 

P L A N T PHYSIOLOGY 

The question of extravascular conduction by plants had been debated for a 

considerable time, until Strugger (1312) and Bekow (131) at the University 
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of Münster demonstrated it by using time-lapse cinemicrography at 15 frames 

per minute. Helxine soleirolii was used for this particular experiment, and a 

leaf of the plant was immersed in a solution of the sodium trisulfonate of oxy-

pyrene, a highly fluorescent chemical compound. A light source rich in the 

blue range of the spectrum then showed clearly the flow of the solution between 

the cell walls, and by using time-lapse its progress could be followed (see Fig. 

42 ) . Plasmolysis of plant cells and the permeability of Vallisneria spiralis to 

F I G U R E 42. V A S C U L A R A N D E X T R A V A S C U L A R C O N D U C T I O N I N P L A N T S : 1952 

Time-lapse cinematographic records were made of the transpiration currents in Helxine 

soleirolii, by illuminating the fluorescent flow with a light source rich in the ultraviolet 

region. The two illustrations on the right show the vascular conduction of the liquid in 

the whole leaf; the left clearly demonstrates the mosaic of cell membranes, outlined by 

the extravascular conduction. 

Courtesy of G. Bekow ( 1 3 1 ) of the Institut für den Wissenschaftlichen Film, Göttingen. 

urea (1313) were also recorded with time-lapse cinematography. Kabiersch 

(702) used time-lapse cinematography to show the reactions to isotonic and 

hypertonic solution of the Venus fly trap, Dionaea muscipula, and also used 

standard cinematography to show the catching of insects by this remarkable 

plant. Ullrich (1374) used time-lapse cinemicrography at 4 f.p.s. to obtain 

quantitative results on the movements of Beggiatoa mirabilis and of Oscillatoria 

sancta. High-speed cinematography and frame-analysis was used in the field 

of plant movements by Ruge (1174) , at the University of Kiel, in a series of 

experiments on Mimosa pudica. Using a frequency of 64 f.p.s. he measured 

the time between the application of a stimulus and the folding of the leaves, 

0.1 second; using time-lapse at 12 frames per minute, he demonstrated that 

20 minutes elapsed before the leaves had returned to their normal position. 
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Although virus diseases of plants have been known since the beginning of 

the century, apparently only Sheffield (1222) , at the Rothamsted Experimental 

Station, employed time-lapse cinemicrography for recording and analyzing the 

morphological changes occurring in the plant cells. She experimented with 

the effect of Aucuba mosaic of tomato on Solamun nigrum and Nicotiana 

tobacum. Projection of the research film showed the slowing-down of the 

cytoplasm soon after injection and the formation of small particles of protein. 

Finally, it is perhaps not surprising that a French biologist, Devaux (351) 

at the University of Bordeaux, devised an ingenious technique for recording the 

emission of scent from flowers by means of cinematography. A rose petal, fixed 

to a glass plate, was inverted over a mercury surface covered with talc; the 

movements of the talc, produced by the perfume, could be filmed at 16 f.p.s. 

over the area of a circle of 12-cm diameter. Another way of demonstrating 

the emission of the perfume was also described. 

MYCOLOGY 

Here again a variety of cinematographic techniques, ranging from time-

lapse cinemicrography to high-speed cinematography at 1,800 f.p.s., have been 

used. A fascinating example of reversal of the normal biological order of feed-

ing was recorded einem icrographically in time-lapse by Comandon and de Fon-

brune (303) at the Institut Pasteur. They isolated from the garden soil of 

their laboratory at Garches a number of parasitic fungi, Dactylaria brochopaga 

in particular, which formed ringlike snares in the presence of nematode worms. 

Time-lapse cinemicrography was used to record and analyze the precise func-

tion and the action of these outgrowths from the hyphae, and pure cultures of 

the fungi were maintained; while filming these, the nematodes were introduced 

by means of a micropipet. Sometimes their capture was left to chance; in 

other experiments rubbing the snare with a microneedle produced the contrac-

tion of the three cells of which it was composed. Finally, in an experiment 

somewhat unfair to the worm, it was introduced directly into the snare by micro-

manipulation, and its digestion was recorded during the following 48 hours. 

The capture of nematodes by two other fungi, Arthrobotrys oligospora and 

Stylopaga hadra, was similarly investigated, but in this case the whole filament 

was able to capture the worms on account of the sticky surface of the mycelium. 

No less interesting was the investigation of the behavior of slime moulds 

by means of time-lapse cinemicrography, since their reproductive processes and 

their life cycles combine both animal and plant characteristics. In their normal 

state, they consist of amebalike organisms capable of movement and ingestion 

of food, for example bacteria. At a certain stage of their development they 

stream together, and many thousand individuals form a stem with cellulose walls 

and plantlike sporangia with spores. New, independently moving organisms 
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arise from these spores, and their cycle begins afresh. Arndt (79) studied the 

processes underlying their streaming which led to the formation of the spor-

angia; his film records were edited in 1941 and published by Kabiersch (703) . 

Apart from recording the complete life cycle, Arndt was able to discover from 

his records the existence of rhythmical waves in the movements of the inde-

pendent organisms. 

Time-lapse cinemicrography has also proved helpful in the study of the 

discharge of spores. Bensen-Evans (143) , in her work on the distribution of 

sex in a saprophytic liverwort, Cryptothallus, found that in mature male plants, 

mounted in water, the antherozoids escaped in a slow stream from the antheridia. 

High-speed Schlieren cinematography was found essential in investigating 

the discharge of a different type of spores. Gregory (556) used this technique 

to analyze the operation of the puff-ball mechanism of Lycoperdon perlatum 

under the impact of raindrops. A Kodak high-speed camera was employed at 

frequencies of 600 to 1,800 f.p.s., and carefully timed records of the ejection of 

the spores were obtained. The initial velocity of the puff could be measured, 

50 to 400 cm/sec, and it was estimated that a raindrop falling from 130 cm 

height was responsible for the dispersal of about 0.5% of the total number of 

spores in the puff ball. 

The future applications of cinematography to botanical research appear to 

be numerous and well worth while. The outstanding advantage of cinematog-

raphy is its ability to act as a quantitative research instrument, either in com-

bination with the microscope or simply to analyze phenomena visible to the 

unaided eye. Though often the application of time-lapse techniques alone will 

produce valuable new knowledge and show results quite invisible otherwise, 

only frame-analysis (see p. 91) will allow the quantitative evaluation of such 

research films and produce data for comparative work. There are many botani-

cal phenomena which await investigation by cinematographic techniques, and 

high-speed cinematography should by no means be excluded; probably a great 

deal could be learned, for example, from the methods employed by falling seeds 

to retard their fall through the air, a problem which might be of interest at 

present in some fields of rocket engineering. 


